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ABSTRACT

Theoretical arid experimer:tal work was done at NCEL to study
shear and diagonal tension 1n rectanguiar reinforced concrete beams on
simple suprorts and subjected to uniforinly distributed dynamic and static
loads The objective was 0 determine critena for the miimum amount of
web reinforcement required for developing the ultimate flexural resistance
of beams, and to determine the difference between these critera for static
and dynamic loading

The main portion of the experimentat wark consisted of testing
53 beams, 29 were loaded dynamicaily and 24 were ioaded staticaily
Emphasis was placed on effectiveness of web reinforcement, 47 beams
contained web reinforcement and stx had none  All of the beams were
tested in the NCEL blast simulator  Static loads were apohied using com-
pressed air, and dynamic loads were applied using the e.panding gas from
detonation of Primacord explosive  All of the beams were slender, and all
of them were rectangular except 10 that were | shaped

It was found that the shear and the shear strength in the beams
were greater under dynamic load than under the same amount of load
apphied statically  Furthermore, it was found that a beam with enough
web ~einforcement to force flexural failure under static loading might not

Ty i - ——-have enoysh to force Hlexural failure under dynamic loading  The theory
—— w Md to predict behavior up to the usable ultimate shear strength

T o s TR ROFMal engineering accuracy and 1o provide a fair estimate of the

LT =) UBG. locaton, and mode of failure
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INTRODUCTION
Objectives

In order to design structures to withstand the effects of nuclear
weapons, there 15 a need for knowledge of the resistance and behavior in
hear of reinforced concrete beams under dynamic load The objectives
of the work reported here were to determine critena for the m mmum
amount of web reinforcement required for developing the uttimate flexural
resistance of beams, and to determine the difference between thesc criterta
for static and dynamic loading

Background

Failure and Design Criteria. The major difference between design
critenia for protective construction and conventional construction has been
stated by Hammer and Dill in the following paragraph !

When considering the atomic defense problem, the usual concept
of faiure of a structure must be extended Superimposed on the usuat
considerstion; ore those of mititaty and emergency operation In some
(#3838 Maj0f damage can be accepted and 1n other cases the acceptable
damage i3 only minor, The structure must te thought of as having an
assigned primary or secondary function Performance of this function
may be required mmediately or & ime fof recovery may be aliowable.

Army,? Navy, and Air Force® manuals and a book® are avarable
to designers for use as guides for designing structures to resist the effects of
nuclear weapons. They contain discussions indicating that depending on the
mission of a structure that structure might be designed to behave elastically,
elasto plasticatly, or plastically Further, the design critena tor elements
might be based on sbsolute displacements, relative displacements, 3
strains, accelerations, and/or velocities. These references provide httle or
no information about the economical design in shear of remforced concrete
beams under d 'namic 1oad. The information that 1s provided is based on
static testing of beams and is projected to the dynamic case using logical
reasoning and data from dynamic tests on engineering matenals

-




The foll g important 15 part of a discussion of failure
and design criteria in the Air Force Design Manual ¢

1t es usuaily desirable to isure that if faiure does occur it will be
1n 8 predicted fashon  This can be decided esther wath the aim of reducing
the violence of suddenness of fadure or of controlling farture in 8 manner
winch 18 well understood.

From this statement, it 1s deduced that reinforced concrete beams should

be proportioned 1n such 3 way that if faiture does occur the mode of failure
will be ductile flexure since flexural behavior 15 the best understood behavior
and ductile failures are less violent than brittie ones, Also, «f large shear
cracks are 10 be alfowed, beams shouid be proportioned in such a way that
shear behavior will tend toward the most favorable mode of shear failure

Besms Failing in Shear Under Static Loads. Researchers have been
active during the last 15 years advancing theories about static shear behavior
and testing beams which failed in shear under static loads. in Germany,
Leonhardt and Walther? # conducted an extensive long-term program,

Their theoretical studies included the concepts of truss analogy, tied arch
analogy, and shear fallure moment  They performed a large number of
tests on reinforced concrete beams which included uniform and concen-
trated loads, simple supports, rectangular sections and T-sections, various
web thicknesses, 3 wide range of span-to-depth ratio, high-strength steel,
h.gh-strength concrete, and various types and arrangements of web
reinforcement  Uniform load was obtained by placing pressurized fire
hoses between 3 loading beam and the test beam Some of the beams
had no web reinforcement, others had web reinforcement consisting of
bent-up inchined bars, vertical stirrups, or inclined stirrups. The results
of the tests indicated that stirrups, when functioning at high stresses as
shear reinforcement, are more suitable than bent-up inclined bars, and if
farlure results from destruction of the shear-compression zone, 1t may be
advantageous to use vertical stirrups with their reheving effect upon the
compression flange,

Ojha, also working in Germany, presented a paper™ in which he
geve a method of calculating the shear gth of rainforced and prestressed
concrete rectangular beams under one- or two-point loads. The behavior of
the ¢o n the D zone is dered in the method by use of
a distortion energy principle Similar to the shear rotation concept. In both
distortion ensrgy and shear rotation concepts, (1) it 1s assumed that there
13 8 point of rotation at or rear the head of the main shear crack and (2) the
end portion of the beam, which tends to break away from the remainder of
the beam, 1s considered as 8 free body. In the free-body chagram given by
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Ojha, force vectors are shown for the reaction at the support, tension in the
longitudmal reinforcement, horizontal and vertical components for stirrups,
horizontal and vertical components of compression in the concrete, and
verticat shear in the © The method could be exp to includ
other loading conditions by adding force vectors to the diagram and intro-
ducing addstional terms to the equations.

Concurrent with the German work mentioned above, Krefeld and
Th 1 conducted a program at Columbia Unr-ersity  This investigation
included the testing of some 200 simply supporte= beams, with and without
stirrups, having a range of concrete strengths, steei ratios, and span  subjected
10 both concentrated and umiform loads. Most of the beams with stirrups
were subgected 10 3 center concentrated toad. Umiform load was simutated
by eight-paint concentrated loading. Dowei action by the long.wdinat
tension reinforcement was one of the main items being studied, and 1t was
found that stirrups function in dowel action by providing support for the
longitudinal reinforcemant The theoretical work is based mostly on the
shear rotation concept and presupposes that after the shear crack has
extended a short distance iNto the compression zone, further propageiion
due to shear depends upon the ability of the beam to resist the dowel force
at the level of the longitudinal bars. The following equation was developed
for computing the shear n beams without web reinforcement.

A 7, 2,800
E - 18V + Fp ]
vd,

where V, = shear resistance at the criticat section (ib)
b = beam width in)
h = beam height (in.)
1. = 28-day compressive strength of concrete {ps:)

P = stegl ratio
d = gffective depth of the beam (in.}
x = distence from che support to the critical section {in.)

[M/V], = moment-shear ratio at the cnitical section (in }
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Since the shear and moment distributions along the span are different for the

two loading distributions, equations associated with each type of loading were
developed for relating shears and momen -shear ratios at the support to those

at the cnitical section  For concentrated 'oadirgs

vV, = V {1a)
M
H. x (1b)
whereas tor umiform loadings
v, = \_f_(_L_;_Zx! {1c)

[%1 - ———LL'_'Z": (1d)
where V = shear at the support (Ib)
L = span length {in }
Measurements on test beams indicated that for concentrated loadings
x = 062 2<4a/d<5 (1e)
x=3-2d 6&<ad (1)
where 8 15 the shear span in inches, and for uniform loadings
x = 021 4<ULMd<10 (19}
x = 2d 10<d {1h)
The fallowing equations were developed for estimating the maximum

sheat Intensity in beams with stirtups subjected to onc and two concentrated
loads

!‘:‘l. + ot t
Th A rf, Wpu<rt, {2)




\.,.".'1. + 1.5t 45 30<rf, <90
oh v, Srf, - <rf, <90ps
v
—",?-v‘ rf, <oy

where V,, = ultimate shear remistance (1b}

v, = V,/bh, shear intensity in beam withicn.? web
reinforcement (psi)

r = reinforcement ratio for web reinforcement

f, = yeld strength of web reinforcement {psi}

2a)

Information rega:ding static shear resistance has been documented

by many authors, much of which 1s summarized in the report of the ACt

ASCE Joint Committee 326, “Shear and Dragonal Tension 12 The following

sermi-empirical equattons, which have been incorporated ir the “"ACI Building

Code,"'? wure selected by Committee 326 as the basts for design criteria
statically loaded beams

Ve

v " e ,(19,,1; + 2,500 9;") <356 [T
v f

v, = _3. = v, + glsina +oo:al-%'-'-! <100y

whare v, = shear strength at the critical section contributed by
the concrete {psi}

v, = ussble ultimate shear strength at ti.e critical section
{pst)

V. = shear resistance at the critical section contributed
by the concrete (1b)

V. = uséble ulimate shedr resistance at the cretica!
section {Ib)

= width of the beam (in )
d = effective depth of the beam {in }
¢ = capacity reduction factor

for
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f. = 28-day compressive strength of concrete {psi}

p = steel ratio

V/M = shear-moment ratio at the cnitical section (in -*)

a = angle of inchination of web reinforcement (deg}
= area of a stirup (in 2)

f, = yeeld strength of stirrups (psi)

s = honizontal spacing of stirrups (i )

An equation 1s not given in the Code for calculating the distance from the
support 1o the critical section It 1s stated, however, that the shear at sec-
tions between the face of the support and the section a distancz, d, therefrom
shall not be considered critical ™ Thus infers that for simply supported beams
of constant cross section subgected to umiform loading, the distance from the
face of the support to the critical section may be assumed to be equal to the
etfective depth of the beam, d  For beams with web reinforcement, the Code
provides for 3 lower limit to the area of web reinforcement as follows

A, > 00015bs (4)

Equation 3 is intended for designing beams without web reinforcement
and s based on the following

(1) Dhagonal tension 15 a combined stress involving honzonta!
tenstle stress due to bending as well as shearing stress

{2) Since failure due to shear can occur with the formation of
the cnitical diagonal crack f redistribution of internal forces
18 not accomphished in design, the load causing the formation
of the cnitical diagonal tension crack is generally considered
85 the uitimate load carrying capacity of a reinforced concrete
member without web reinforcement

Commuttee 326 studied the data from more than 440 beam tests and concluded
that the three significant parameters are percentage of longitudinal reinforce-
ment, p, the dimenstonless quantity, M/V d, and the quatity of the concrete,

f; The equation was obtamed by fitting the parameters to the data from 194
tests on beams with simple supports and concentrated loads. At a later time,
data from other tests with different conditions of loading and restraint corre-
lated well with values computed using the equation




Equation 4 15 intended for designing beams with web reinforcement
and 15 based on the following

{1) Failure can occur in diagonal tension upon diagonat cracking,
In shear-compression upon yielding of the web reinforcement,
or 1In shear-compression prior to yietding of the web remnforce-
ment

(2) Shear-compression Is the most common mode of failure in
normally proportioned beams.

(3) The ultimate shearing capacity 15 the sum of the shearing
capacity at diagonal cracking plus a contribution from the
web reinforcement at the point where yielding of the web
reinforcement occurs.

{4) The concept of tryss analogy can be used to analyze the
stress in the web renforcement

The equation was obtained by summing the terms for the cracking reststance
and for the contribution from web reinforcement From the above conczpts
and observations, Keenan' concluded that the effective amount of web
reinforcement required to produce a flexural failure 1s o function of the
ditference b the shears corresponding tc the ultimate fiexural resis-
tance and the diagonal tension cracking resistance  Tests on beams with wsb
reinforcement to support Equation 4 were imited both in number and scope. 2

The Code equations, numbers 3 and 4, are similar to the Krefeld and
Thurston equations, numbers 1 and 2 They contain the same dommant
parameters, the same general form, and nearly the same values for coefficients.
The use of effecuve depth, d, instead of the height of the beam, h, and the use
of the capacity reduction factor, ¢, tend to maka the Code equations more
conservative than the other equations. On the other hand, the distance to the
cnitical section permitted by the Code may tend to make the Code equations
less conservative than the others. Another difference in the equations is the
lower limit on stirrup effectiveness  The Code equations tend 10 be the less
conservative in the case of very small beams with small amounts of web
reinforcement where

A, > 00015bs end ff, < Npul

Rsjagopalan and Ferguson® indicated that the Code equation for the
shear strength contaibuted by the concrete, v, 1s unconservative when the
steel rati0, p, 1s small  They performed tests on ten beams having p between

* Unoublishad “Exph

y shaar tasts 0
longituchnal steel,” by K S Rajagopaian and P M Ferguson University of Texas
at Austn, Oct 1967
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0.0173 and 0 0025, Also, they analyzed the results of tests by other
nvestigators on 27 beams with p less than 0.012  For the data analyzed,
the following equation seemed to define a safe lower bound

v, = (08 + 100p)T, p<0012 5)

Dynamic Properties of Materials. The rapid loading of matenals causes
rapud strain rates which, in turn, affect the stress—strain relationships and tne
creumstances under which bnttle fallure can occur, As the rate of strain in
steel 15 increased, (1) the yeld stress increases, (2) the yield strain increases,
{3) the modulus of elasticity in the elastic range remains essentially constant,
{4) the strain at which strain hardening begins increases, and (5) the ultimate
strength incresses ¥ Since the yield stress increases more rapidly than the
ultimate stress, farlures in material specimens tend to be more brittle under
dynamic load than under static load  Concrete under dynamic compression
behaves simularty, but the influence of strain rate on the compressive strength
of concrete 1s not as easily determined  First, the stress—strain relationship of
concrete hds no apprectable inear region even under static load. Second, In
the Code provisions for static design of beams, the vompressive limit (yield)
strain, 0 003 1n./in , 18 rather arbitrarily chosen, Third, the effective modulus
of elasticity appears to change unvder dynamic load  Attention is 3lso given to
the possibility that concrate in control specimens may behave differently than
concrete in beams because of boundary effects, size effects, and the presence
or absence of bond with compression reinforcement, Dynamic yield stresses
for concraty in compression and reinforcing bars in tension are recommended
in several sources.®: 8 1%

Nagarajo Rao, Lohrmann, and Tall'® tested specimens of ASTM steals
A6, Ad41, and AD14 to determine the effect of strain rate on yeeld stress in
the inelastic range. They p d the following ¥ to relate the stran
rate to the ratio of the dynamic yield stress level and the static yreld strass level

1;-': -1 e ke ®
where a4 = dynamic yeid stress level (psi)

0y ™ Static yield stress level {psi)

k = constant pecuhar to the matena’

n = constant peculiar t0 the mateniat

€ = stran rate (in /in /sec)




The dynamic yield stress level, 0,9, was defined as the average stress during
actual vielding in the inelastic range, which remains fairly constant provided
the stramn rate remams constant - The static yield stress level, a,,, was defined
as the average stress during actual yielding in the ineiastic range at zero strain
rate, this stress remains fairly constant  When tha stress was not constant, it
was taken as the stress corresponding to a strain of 0 5%

Tests were made by Lundeen and Saucier'? to study the dynamic
tensile strength of concrete, otherwrse, httle or no background information
could be found regarding dynamic tensile and shear strengths of concrete
and dynamic bond strength

Beams Failing in Shear Under Impact Loads. Research on the shear
and bond strength of high-strength rewnforced concrete beams under impact
loads has been conducted at the University of Texas under contract with the
Air Force Weapans Laboratory (AFWL) " '® The first phase, now complete,
included 41 beam tests 4 flexure tests, 22 shear tests, and 15 anchorage tests.
All the beams had 28-day compressive strengths of concrete, f, of about
8,000 psi and longitudina! reinforcing bar yield strengths, f, , exceeding
76,000 ps1 Al were simply supported and subjected to congentrated load-
ngs. Twenty-two beams were loaded slowly (static load) and 19 beams were
loaded rapidly by means of a falling mass (impact load) that struck the beams
through an impulse-controlling cushion, The nitial rise time to about 50%
of the maximum load was 3 to 5 msec  After the itial nise, the force con-
tinved 10 increase at a slower rate until the specimen faled or absorbed aif
the energy of tha drop  The time from impingement to maximum force
vanied fram 25 to 70 msec. Flexure, shear, snd anchorage farlures were
obtained ’

In the 22 shear tests, both deep and slender beams were tested.

Eleven beams were loaded dy fly ang 11 p were loadad
staticelly Punchung shear, diagonal tension, and shear-compression failures
were obtained. Only three beams with stirrups were tested dynamically,
therefore, no quantitative conclusions were made regarding tha effectiveness
of stirrups under dynamic load,

Scope

Experimental Work. The main portion of the experimental work at
NCEL consisted of tests on simply supported reinforced concrete beams
subjected to dynamic and static umformly distributed loads. Of the 53 beams
tested, 29 were loaded dynamically and 24 were loaded statically. Emphasis
was placed on effectiveness of web reinforcement, 47 beams contamned web
reinforcement and six had none,

W g e g
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Static uniform loads were applied using compressed air, dynamic
umform loads were agplied using the expanding gas from detonation of
Primacord Dynamic loads had nse tmes of 1 to 2 msec and exponential
decays. Dynamic load durations varied from T/T, = 14 to T/T, ==,
where T 15 the effective load duration and T, 1s the natural period of
vibration

The 43 rectangular beams were slender (L/d > 7) and they had
either no web reinforcement or web reinforcement consisting of vertical
deformed bars or plain wires. The primary parameters studied were peak
load, load duration, and rate of loading, stirrup spacing, area of stirrups,
and the yield strength of the stirrups, and concrete strength (Table 1)
Length-to-depth ratio and longitudinal steel percentage were studted also,
but to a lesser degree.

The 10 I-beams had very thin webs and were of intermediate
slenderness (5 < L/d < 7), and they had welded wire fabric for web
reinforcement  The parameters studied were peak load, rate of loading,
stirrup area, yield strength of the stirrups, and longitudinal steel percentage
{Table 2). A limited study on the effects of web width on diagonal tension
was made by comparing the behavior of the rectangular beams and the
I-beams,

The beam tests were supplemented by dynamic and static tests on
the matenals used in the beams to determine the dynamic properties of the

concrete, stirrups, and longitudinal bars in tension, and the concrete in com-

presston, Pull-out tests to study the influence of normal pressure on bond
were conducted at the lowa State Umiversity,
The, I-beam tests, the putl-out tests, and some of the dynamic tests

on concrete were funded by the Naval Factiities Engineering Command under

Work Unit Y-F011.05-04-002, Thun Shell Construction. All of the other
testing was funded by DASA under Subtask No. SC3318 (formerly Subtask
13.018 and RSS3318).

Theoretical Work. A simplified design method and both simplified
and nigorous analysis methods were developed for ssimply supported rectan-
gular reinforced concrete beams under uniform and concentrated dynamic
loads. Many of the equations apply to other conditions ot loading and
restraint as well. Equations were developed for predicting the maximum
dynamic shear at the support (used in the simplified methods), the shear
at the support with respect to time {used in the nigorous methad), and the
dynamic resistance of the beam at the support corresponding to shear
cracking, shear yiciding, shear failure, flexural yielding, and fiexural farlure
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L5 Gyt 1660 7300 00008 09295 48700 00082 0500 2 00072 00060
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A computer code was programmed to make calculations using the
ngorous anaiysis procedure  The procedure 15 based on the linear accelera-
tion extrapotation method for numerical analysis of single-degree-of-freedom
systems, and for each cycle of the calculation, checks are made for shear and
bond The procedure applies in the elastic, elasto-plastic, and plastic regions
of response, and the motion parameters (displacement, velocity, and acceler-
ation) are calculated for each cycle, therefore, the procedure applies to afl
the types of falure and design criterta previously discussed.

Reports. This report contains a summary of the previous work at
NCEL, a presentation of the theory used in the computer code, the reporting
on the final series of beam tests (Series F), conclusions about all of the work,
and recommendations  The testing of materials associated with the Series F
beams is reported in Appendix A  Earlier reports covered Series D and Series E,
the beam tests in Series A, 8, and C have nct been previously reported

Notation

in the Introduction of this report, notation conforms to that of the
reference cited, and iocal hsts of symbols are prov.ded with aquations. in the
body of this report, natation conforms as nearly as practical to that of the
AC! desianation, and & List of Symbols is provided on page 179 A few nota-
tions and definitions are different from those in previous reports on this work
unit. Such changes were made in the interest of simplicity, order, and
standardization,

In genersl, uppercase latters are used to indicate forces while lowercase
letters indicate forces per umt area. For example, V, 1s the ussble ultimate
shear resistance (total force), while v, 1s the usable ultimate shear stress (force
per unit ares). Where it 1s necessary 10 indicate location at the support rather
thar at the critical section, the subscript s 18 used to specify location at the
support. For example, V,, 15 the ultimate shear resistance at the support
while V, is the ussble ultimate shear resistance at the cntical section A letter
d 1s added to the subscripts of symbols to denote the dynamic case  For instance,
1, 18 the yield strength of steel in tension and £y, denotes the dynamic yield
strength of steel in tension. In order to diff iate b the gths of
stirrups and longitudinat tension and compression steel, the subscript contains
8 letter v t0 denote stirrup material and a prime denotes a matenial in compres-
son Thus, f,,, is the dynamic yietd strength of stirrups, f,, 18 the dynamic
yeld strength of stes! 1n compression, and 4y, 1s the dynamic yield strength of
steel in tension
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Defimtions

Behavior. When testing a beam subjected to dynamic load, the
experimental engineer does not have time to observe the formation of
cracks in order to make judgments regarding change n behavior, nor can
he know the moment when the resistance in the beam changes suddenly
since the beam 15 in motron throughout the test  He must use measured
values instead of visual observations to judge behavior  Therefore, it
becomes necessary to define changes in behavior such as cracking, yielding,
and farlure in quantitative as well as quahitative terms,

Critical Strains. [t seems logicat that values of stress or stran in the
materials from which the beam 1s made should be used instead of motions
or forces to define changes in behavior, because critical values of stress and
strain ¢2n be obtained from tests on specimens of the matenials. Further-
more, motion or force parameters cannot or are not exwly compared with
simitar parameters in statically loaded beams  Strain is preferred over stress
because 1t 1s more easily measured in the beams, and stress is less applicable
n the ineiastic range of behavior. The traditional practice of using stress
criteria in elastic design does not cause a serious problem here. Since the
madulus of elasticity of steet does not change an appreciable amount as the
stran rate is increased, conversion between stress and strain in the elastic
range is easily done. Unless determined otherwise in tests, the modulus of
elasticity for steel in the dynamic and static cases can be assumed to be™

€, = 29,000,000 psi
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As mentioned before, the stress—-strain relationship of conciete in compression
is nonlinear in thy elastic range, and the effective modulus of elastiity increases
a3 the strain rate 1s increased  However, the magnitude of the net effect of the
ncrease in madulus in beams s probably less than the total error due to

(1) possible changes in stress block shupe, {2) changes in toughness, and

{3) approximation of the static modulus used in design  Thus, unless deter-
mined otherwise in tests, the modulus of elasticity for concrete in compression
1n the dynamic and static cases can be assumed to be'®

E =~ o341, m

where E, = modulus of elasticity of concrete in compression (ps))
p = density of concrete {ib/f13)
f; = 28-day compressive strength of conerete {psi)

4




In the computer code, which was sed for predicting the behavior of
the Series F beams, the increase in concrete modulus was considered by using
the dynamic strength Jf the concrete, f., 1n place of the static strength, f;,
n Equation 7 The increase was smalt since the modulus is proportional to
the square root of the compressive strength. Ail other computations were
made ysing Equation 7 as shown

Since the stress—strain relationship of concrete i compression 1S
nonlinear, the concepts of yield strength, vield strain, ultimate strength, and
ultrmate strain do not apply directly, However, when combining concrete
and steel to form beams, it becomes necessary to establish effective values
of these properties for proportioning the beams and defiming the regions of
response. The 28-day compressive strength, f;, the breaking stress of a con-
trol specimen, 1s used for a cniterion in heu of uitimate stress, and 85% of

the compressive strength 1s normally used in heu of yield stress in proportioning
beams. In addition, the effective modulus of elast:city is estimated by use of
Equation 7 as given above. The ACI'™ recommends using a limit strain of
0.003 in./in to represent yielding In beams with compressive reinforcement,
destruction of the concrete In COMNrEsSION OCcurs prograssively over @ range

of loads or times. Experience with the flexural testing of beams has shown

that in beams with compressive reinforcement, destruction usuatly occurs

after 3 strain of 0.006 in./in is reached at the remote fiber, and the change

in the crushing strain in beams under dynamic load is unknown. Thus, critical

events of behavior in compression are defined here as strans in quan-
titative terms as
¢, * 0.003in/in.  (yield stran of concrete)

€, = 0.006in/in.  (ultimate strain of concrete)
The stresses amo. ‘ated with those strains are
fo, ® 0.85f,  (stauc yield strength of concrete)
feey ® 0851,  (dynamic yieid strength of concrete)
fo, ® f.  (static uttimate strength of concrete)

few * fee  {dynamic ultimate strength of concrete)
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Other stresses in the concrete are computed as follows
Static loading, elastic region

f, = ¢E, < 085f

Dynamic loading, elastic region

f, » ¢E < 0851,
Static loading, inelastic region
0856f, < f, » ¢E < f
Dynamic loading, nelastic region
085f,, < f, = ¢E < fy

Flexure. Flexural cracking of the beam occurs when the tensile strength
of the concrets 1s overcome at sections where bending forces are paramount and
shoar cracks do not aiready exist. In the accepted methods for flaxyral analysis,
the concrete tensite stress and strain associated with flexural cracking are assumed
to be zero. Tha term cracked section is used to describe this condition

Flexural yielding occurs when the fongitudinal tension steel yields or
when the yield stran of the concrete 1s exceeded at the remote Tiber If the
flexural yieiding 1s governud by yielding of the steel, this 1s referred to as ductile
yieiding Yielding of comprassion steel has some influence on beam behavior,
but does not constitute yielding of the beam

Flaxural farure occurs when the ultimate strain of the concrete s
excveded at the remote fiber or when the fongituding! tension steet ruptures.

If the failure 1s governed by failure (uitimate strain) of the concrete prior to
yialding of the tension steel, this s referred to as brittle failure, otherwise, it
18 referred to as ductile failure  This 1s 10 say that ductiie failure is always pre-
cuded by ductile yielding

Shesr. Shear cracking of the beam occurs when the tensile strength of
the concrete 1s overcome at sections where dragonat tension forces are pora-
mount. The critical section 1s where the dragonal tension stress is fargest, and
the entical dizgonal tension crock, herein called the shear crack, imitiates at or
nearly st a pont in that section  In thin-webbed beams, the initiation point is
at the critical section, in wide-webbed beams, the shear crack may start from
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a flexural crack along the bottom of the beam a short distance away and then
propagate rapidly to a point in the cntical section, After initiation of the shear
crack, mcrease in toad and/or passage of time may Lause the crack to progress
diagonaliy upward The shear-compression zone 15 located at the head of the
shear crack where the concrete area acting in shear and compression 15 greatly
reduced by the crack, and therefore the concrete is subjected 0 large shearing
and bend: acting | isly

Shear yrelding occurs when the web remforcernent yields at the cntical
section or when the yield strain of the concrete 15 exceeded at the remote fiber
n the shear-compression zone  Yielding of the longitudinal reinforcement at
the critical section 1S not considered here because it appears that such yrelding
triggers dowel failure immediately {1 the shear yielding is governed by yieiding
of the web reinfurcement, thes is referred to as ductile yielding,

Shear failure can occur upon formation of any one of 3 large number of
possible mechanisms generally classified as pure shear, diagonal tension, of shear-
compression. Pure shear occurs in deep members and is beyond the scope of
this work umit. Diagonal tension failures can occur (1) upon formation of the
shear crack if redistribution of stresses i1s not accomplished, (2) + iter when the
longitudinal tension reinforcement fails to resist the dowel forces, or (3) in rare
cases when the stirrups rupture. Diagonal tension failures triggered by cracking

and most of thoss triggered by dowel failure sre not preceded by shear ywlding.
they are repid and are considered to be brittie farlures, Shear-compression
fatlure can occur when the ultimete stram of the concrete is exceeded in the
shear-compresuion zone beforo or after yielding of the stirrups, or can accur
in rare cases when the stirrups rupture. Shear-compression failures are consid-

srad to ba ductile, the least violent being crushing of the concrate after yielding
of the stirrups. 1 shear falure is caused by stirrup rupture without yielding in
the shear-compression zone, that farure 18 classified as diagonal tension falure,
On the other hand, if shear failure 15 caused by stirrup rupture with yielding in
the shoar p zone, 1t is classified as shear-compression failure.

Usabie ultimate shear strength and usable ultimate shear resistance are
definaJ by Equation 4

Bond. A detatied study of bond was not attempted, but unce some
bond failures resemble shesr failures, studies were made (0 insure ageinst bond
failures in the beams tested  in those beams, tangitudinal tension bar anchor-
age farlure at the support was the most probzbiv type of bond falure.
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SUMMARY OF PREVIOUS WORK
Sevies A Beam Tests

in the Sertes A beam tests, (1) beams with and without stirrups were
tested staticatly t0 study the effectiveness of stirrups, (2) beams with stirrups
were tested statically and dynarmcally to study change in the probability of
failing in shear or flexure with change in loading rate, and (3} beams with

“rrups having small stirrup areas were tested to study the possible conser-
voitsm of the imit (A, > 0.0015 bs) given in the ACI Code.” These tests
were priot tests to study gross effects and develop techniques.

Details wnd instrumentation of the four beams designated Sertes A
{OA1, WAT, OA2, and WA4) are shown in Figure 1 The proportions and
static matertal properties are grven in Table 1, Two beams had stirrups made
from no. 2 deformed reinforcing bars umformly spaced in the vicinity of the
critical section, and the others had no stirrups near the cnitical section. The
beams with suirrups were designated WA, and those without were designated
OA The web reinforcement was shightly more than the mimimum allowable
by tne ACI Code neglecting the capacity reduction factor, ¢ Beam WA4,
with stirrups, was losded dynamically, the others were loaded statically,
Strains were measurad in the stirrups in the vicinity of the critical section
#nd in the concrete remote fiber and longitudinal steel bath in the vicinity
of the critical section and at midspan. The beams without stirrups failed in
shear, and those with stirrups taled in flexure,

The stirrups were effective in preventing shesr failures under both
static and dynamic loads, and the probability of faiiure in shear or flexure
chd not sppear to change grossly with change in loading rats. The Code pro-
vmons for shear were found to be very conservative in the beams tested. The

and besm ions performed well, but the method used
for detoctmq snd measuring shear cracking was unsatisfactory

Series B Boam Tots

An attempt was made in the Series B tests to obtain a shear-compression
failure under statec foading in a beam with stirrups similar 1o the beams of
Serws A. The concrate strength and the span length were less to make the
shear sensitvity greater. A companion beam without stirrups was tested for
COMPAnON

Details and instrumentation of the two beims designated Series B are
shown in Figure 2, and the proportions and material properties are given in
Table 1. Beam WB1 had str rups in the vicinity 0t the critica! section, snd
beam OB1 had none there. Both baams were tested under static load The
one without stirrups failed in shear, and the cne wath stirrups failed in flexure
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The primary objective, to obtain a shear-compression failure, was
not achieved  The shear crack propagated up 10 the level of the compression
remforcement, but no crushing occurred at the top surface ot the beam in the
shear-compression zone

Series C Beam Test

Beam WC1 was the only beam tested i Serres C  The primary obsective
of this piiot test was to ohtain a shear-compression fatlure under static foad
The secondary objective was to test two methods of measuring dragonat crack-
ng

The dimensions of the beam were identical to those of beam W81 as
shown in Figure 2, but concrete strength and stirrup yreld strength were fess
10 make the shear sensitivity greater  The proportions and material aroperties
are given in Table 1 The low stirrup yield strength was obtained by heat
treating the no 2 deformed remnforcing bars  All of the measurements wh.ch
had been made 1n Series B were repeated in Series C, and two measurements
of shear cracking were made also

The beam was loaded statically and failed in flexure Although failure
occurred in flexure, 8 companison of the various strains indicated that shear
failure was nearly achieved The shear crack extended above the level of the
compression reinfurcement as can be seen in Figure 3  One of the methods
of measuring shear cracking was dered to be factory and was used
tn some of the later beam tests The other method was unsatisfactory.

Figure 3. Post test photograph of beam WC1,
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Pull-Qut Bond Tests

1t was conjectured that low bond strength in beams might contribute
to dowei failures, and that premature anchorage falures might be difficuit to
differentiate from diagonal tension failures. Therefore, 1t was desirable to
design shear test specimens with high margins of safety in bond. On the
other hand high margins of safety were ditficult to achieve in design because
(1) tugh-strength steel was needed to obtain beams of suitable size and pro
portions for the testing equipment available, and (2) 1t was desirable to keep
the steel arrangement simple, that is, no hooked bars and no extra bars near
the support.

The condtions of loading and restraint were such that the tongitudinal
reinforcement was subjected to normal pressure at the support, and it was
supposed that the bond resistance of the beam was increased by the normal
pressure. Tests performed under contract with lowa State University?® ind)
cated that boi § resistance 1s increased by normal pressure and, also, that the
presence of stirrups at the support improves bond résistance, The effect of
norma! pressure and stirrups was then considered in estimating the margin of
safety in bond

The pull-out tests were funded by NAVFAC under Work Unit
¥-F011-05-04-002.

Oynamic Testing of Materials

The NCEL dynamic matenials testing machine?! was used to test a
variety of steel and concrete specimens at various controtied head velocities.
Without the booster, the machine has 8 m static capacity of 50,000
pounds and can be operated at head velocities up to 15 in./sec. The piston
stroke 15 4 inches, Using the booster, the head velocity can be increased to
30 1n./sec, and the static toad capacity can be increased 10 80,000 pounds.
The piston stroke at the higher velocity 15 0.75 inch, the head velocity will
raduce to 15 1n./sec for the remainder of the 4-inch stroke. For typical
specimens of reinforcing steel, the maximum strain rate that can be obtained
15 8bout 2 1n /in /sec.

Dynamic tests were conducted on a speCiaily tabnicatsd chrome-alloy
high-strength reinforcing steel,! four grades of typical reinforcing steel,®
and annealed plam wires. 2 The four grades of typical reinforcing stee! were
ASTM sntermediate grade A15, hard grade A15, high-strength A432, and
high-strength A431  The reinforcing bar spacimens had thair deformations

hined off. The were tested at various strain rates from shout
0002 0 about 2 1n /in /sec, and plots were made of increase in yield strength
with respect 10 strain rate. In the tests on 9 gage wire with static yield strength

¢

e —




of 36,000 Ib/sa i, a strain rate of 2 5 1n /in /sec was obtained, and the yreld
strength was nearly doubled at that rate  Tests on other wire are reported in
Appendix A of this report.

Dynamic compression tests and dynamic tensile sphitting tests were
condugted on circular cylinders made of portiand cement concrete.2¢ A
medium- and a high-strength mix were used, and specimens of each mix were
tested at two ages, 28 and 49 days. The compression tests were performed at
strain rates from about 0001 10 1 in./in /sec, and the tension tests were per-
formed at stran rates from about 0 0004 to about 0 2 in./in./sec. Plots were
made of increase in strength with respect t0 strain rate and aiso with respect
to stress rate  Dynamic tests on another concrete mix are reported in
Appendix A of this report

Dynamic compression tests also were performed on reinforced concrete
rectangular prisms 3% The test members were planar concrete panels remnforced

with a single layer of square-meshed welded-wire fabric. Severa! combinations

of panal thickness, reinforcing-wire diameter, and mesh size were investigated,
as well 3s two concrete strengths. A single rate of compressive stress {100,000
psi/sec) was apphed

The tests on rectangular concrete prisms were funded by NAVFAC
under Work Unit Y-F011.05-04-002. The other testing of materials was funded
by DASA under Subtask 5C3318.

Modal Analysis

A modat analysis of the elastic response of 8 smply supported besm
under a uniformly distributed losd was made {1) to determing the influence
of the dynamic parameters (peak l0ad, load duration, and damping) on the
trangient vaniation in shear and moment-shear ratio along the span, and (2) to
develop 8 dynamic response chart for quickly determining the maximum shesr
forces a beam must resist to fail in flexure. Exact solutions for the transient
vanation in shear and moment at any point along the beam ‘sere deveioped
and compared with approximate soluti From t-a approximate solutions,
# chart for the maximum dynamuc shear factor at the supports wes developed
for various ratios of peak load to dy yield and load durat
t0 fundamental period of vibration  Figure 4 13 the chart for the maximum
shear at the supports, snd Figura 5 is a plot showing the exact solution for
the elastic case and a ratio of 1oad duration to natura! period, T/T,, squal
to 6. The modal analyss 15 discussed in Appendix G of Reference 14
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Series D Beam Tests

The Series D beam tests were reported in NCEL Technical Report
R-395, Dynamuc Shear Strength of Reinforced Concrete Beams-—Part | ¥
Al nine beams designated Senes D d vertical ps made from
heat-trested no 2 reinforcing bars which were uniformly spaced in the
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vicimty of the cnitical section  The beams were ssmply supported and subjected
to uniformly distnbuted loads, three were loaded staticatly and six dynamically
Major variables in the experiment pfan were stirrup spacing, peak lcad, load
duration, and rate of loading The proportions and static material properties
are given in Table 1 Ratios of peak toad to static flexural resistance varied
from 0 635 to 0 943, and ratios of effective 10ad duration to natural period

of vibration varied from 14 t0 21 2

T

1.8 [0t 204100 with 0%,

dempeng (including = WX3GT 301U110n with 6%
st 10 modes) N, damping Uincluding
0 N Noemefir3t 10 modes)

-
3

OXImate s0kstion
0% dampmng

mode
;‘ aversge of sl
A Pigher modes)
7

-
~

g
\\

3

Dynarmc Shear Facior st Support, OSF (1) = Vit iw Li2d
/]

//
Xy
, Elrticcoe, TIT, = & Lﬂ

<2

o
-

01 @2 03 04 08 06 07 O 6% 19 1)
Tieme Ravee, 0T,

Figure 8. Dynamuc shear factor at the supports of & umply supported beem

under uniformiy distributed dynamic load with T/T,, =6,

One statically ioaded beam sutfered a premature bond farlure, 8l the
other beams failed in flexure after shear ywiding |n all the beams, shoar cracks
extended up to or beyond the compression reinforcement as can be seen in
Figures6and 7 Evaluation of the data produced these findings

1 The maximum dynamic shear at the supports was greater than the
shear produced by the same peak load apphied statically and increased
with peak load and ioad duration
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The shear at the support did not increase after yielding of the
tenston rainforcement at midspan

3. Strains in the stirrups were small until shear cracking occurred at
which time there was a pronounced increase in rate of straining in
sterrups located near the shear crack

4 The pattern of shear cracks and the location of the critical chagonal [
tension crack were about the same in all of the beams.

§ The maximum strain rates in stirrups in the vicinity of the shear
crack were greater than the maximum strain rates in longitudinal
tension steel at midspan

6. Flexural falures occurred at midspan under static and dynamic '
toads.

7 The shears at the supports corresponding to shear cracking and
shear ytelding were greater under dynamic load than under static
load

The following conclusions were based manly on the companson of ) ®
test data with data calculated using the modal analysis equations and modi-
fied versions of Equations 3 and 4
1. The modal analysis is sausfactory for predicting shears at supports.
2 The static shear and moment distnbutions can be used in the
dynamic analysis of shear without causing significant error, )
3 Yielding at rmidspan prevents or retards further increase in shear
at the support
4. Prior to shear cracking, practicatly all of the diagonal tension 13
resisted by the concrete
5. The location of the shear crack 1s influenced very hittle by loading !
rate and stirrup spacing.

6 The AZI provisions for shear are very conservative when applied to
dynamic loading.
Series E Boam Tests '

The Series E beam tests were reported in NCEL Technical Report
R 602, Dynamic Shear Strength of Remnforced Concrete Beams—Part 11 23
Appendix A of that report contains equations for computing the distance
from the support to the critical section and the shear moment ratio at the
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critical section  Therz 1s a discussion in Appendix B of the same report
about the tests that determined the static and dynamic strength properties
of the matenals in the beams

The variable parameters in the experiment plan were rate of loading,
peak load, and stirrup spacing  All 15 beams were doubly remnforced, simply
supported, and subjected to uniformly distributed toads Three beams had
no web reinforcemy atin the vicinity of the cnitical section, all the others
had vertical stirrups made from 9 gage annealed plain wire  The stirrups
were spaced uniformiy 1n the vicimty of the critical section  Long-duration
dynamic loads were apphed to eight beams, anid static loads were applied
1o the other seven beams. The proportions and static material properties
are gven in Table 1

Four different modes of failure occurred in the Series E tests,

They were ductile flexure, diagonal tension retarded by dowet action,
shear compression with yielding of stirrups, and shear-compression without
yieldu g of surrups  Under static loads, the beams without stirrups faled in
diagonal tension retarded by dowel action, those wath the larger stirrup
spacing fatled i shear compression with yielding of the stirrups, and those
with the smaller stirrup spacing farled 'n tlexure. Under long-duration
dynamc loads with the lower peak load, the beam without stirrups failed
n dhagonal tension retarded by dowel action, and those with stirrups {both
spacings) faried in shear-compression without yielding of \he stirrups. On
the other hand, under long-Juration dynamic louds with the lugher peak
luud. beams with stirrups (both spacings) failed in shear-compression with
yietding of the stirrups  Thus, differances in mode of failure were brought
about by changes in each of the vaned parameters—rate of loading, peak
load, and strrrup spacing

Comparisons of various measured strains indhcated that several beams
had nearly equal probabiity of failing in shear or fiexure This 1s also evident
in the full development of buth shear and flexure cracks. Figures 8, 9, and 10
are post test photographs of the beams.

One of the objectives of the Series E tests was to determine whether
or not the AC! provisions could be modified to apply to dynamic toading
The usable ultimate shear strength, v, as defined by Equations 3 and 4 was
expressed as shown in Equations 8 and 9 assuming a capacity reduction fac:
tor, ¢, of urity for experimental purposes and adding coefficients C, and [+
for the increases under d, namic loading in concrete tensile strength and
strrup yield sirength

Vv,
%om gt 19CVT + 26088 <ase, W
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v f
v, * -;"-;- = v, + Cylsna + cose) A;;' <10C, V] (9)

The coetficients, Cy and C,, were unity for staticaily loaded beams and
increased with increasing strain rate  in general, correlation was very

good between test results and data computed with the use of the equations
After studying these results, a capacity reduction factor, ¢, of 0 85 was con-
sidered adequate for design in both the dynamic and static cases However,
the upper limit {10C, 4/ f.) 1n Equation 9 was found to be unconservative
This can be seen in the tendency under dynamic load toward shear-compression
failures withcut yielding of stirrups and toward relatively smail energy absorp-
tion capacities after shear yielding. Therefore, it was recommended that no
increase be allowed m that it Furthermore, 1t was conjectured that a safe
fimit might be shightly less than 10\/'? Note that in Reference 12 the ACI-
ASCE Joint Committee 326 originally recommended a it of 8\[1_: for
rectangular beams and 104/F for T-beams. It appears, then, that the ACI
formulas can be modified to include dynamic loading as follows

v
v = 5o = o(190, (T + 2500 8Y)  <asec, T 10
v, Al
Yo " Fq % v * 9Clina + ma)—;ﬂ (1)
v, € ao\ﬁ;' {rectangular beams) (11a)
v, € 100yf (T beams) (15)

The conclusions drawn from the Seres E tests are summarizcd below

1 The shear, moment, shear strength, and flexural strength all increase
under dynanic load with respect to the same load applied statically  Both the
shear strength contributions from the concrete and the web renforcement

wcrease.

2 The shear and moment increase in about the same proportions
with respect 10 the loading rate,

3 The usabie shear strength and the flexural strength increase in
different proporuions. Furthermore, the contributions to the usable shear
strength from the concrete and the web rainforcement increase in different
propornions, depending mainly on the material ysed for stirrups and the rate




of stramn in the stirrups  Therefore, the mass of the beam and the characteristics
of the dynamic load tnfluence the relative tncreases in the flexural strength, shear
strength from the concrete, and shear strength from stirrups

4 The additional shear resistance beyond shear yielding tends to be
less under dynamic than under static loading  Thus, 1n general, dynamic shear
failures tend to be more brittle than static failures,

5 A beam containing adequate web reinforcement 12 force fHlexural
falure under static conditions rmight not have sufficient web resnforcement
to force flexural failure under dynamic condrtions

6 it s possible for a beam to fail in flexure after the usable ultimate
shear resistance has been exceeded  In other words, the additional shear
resistance beyond yielding in shear might be enaugh to force flexural failure

7 in beams which fail in diagonal tension, collapse might be retarded
or prevented by dowel action

8 If falure occurs atter yrelding of the web reinforcement under
static loading, 1t might occur betore yielding of web reinforcement under
dynamic toading  This difference in behavior under dynamic loading 1s due
primanily to the increase in stirrup contribution which migh* not be accom-
d Ned by a comparable increase in the flexural capacity of the cross section
reduced by propagation of the diagonal tension crack  Thus, shear-compression
failures can occur 1n the high shear zone when the ratio of moment to momant
resistance becoines greater in the region of high shear than in the regron of
gh moment

9 In bearns with web reinforcement, the critical diagonal tensicn
crack upon yrelding in shear might be a different crack from the one which
wds Critical upon shear cracking

10 The location of the cnitieal section 1s predictable using the method
given in Appendix A of the report 23

11 The tocation of the untical section does not change much with
change i loading rate and stirrup spacing

12 The shear and teoment distributions alonty the span are o function
ot position and tme under dyramic loads  However, the ditference between
these distributions for static ond dynam.c conditions was small therefore
the static distnbutions can be used in designing brams of normal proportions
to withstand dynamic loads.
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Figurs 10 Post-test photograph of statically losded beems OE 1 snd OE3 and
dynam.cally loaded beam OE2.

13 The usable uitimate shear resistance was predicted satrsfactonly
by the ACI-ASCE Commitice 326 formula as modified by Keenan and Seabold
The capacity reduction factor, ¢, value of 0 85 1s adequate for dynamic and
static loadings.

14, Surrups were effective having areas less than areas required by the
AC| Buildhng Code.”

15 The chart developed from the modal analysis was adequate for
pradicting the maximum sheaning force at the supports.

It was emphasized in the report that the strain rates needed tor
dsterriming the dy coeffi Cy and C;, were measured
during the test in the beams, the rates were not predicted.

Series H and Series L Baam Tosts

To study the effectiveness of different types of welded-wire fabric

1 tin th bbed I-bearns, two groups of five beams each were
tested  One group, designated Series L, was reinforced with a relatively hight
fabeic, the other group, designated Seres H, was reinforced with heavier fabric
The proportions and static materis! properties of the I-bsams are grven in
Table 2 For gach of the groups of beams, one beam was subjected to a um
formly distributed static load and four beams were subjected to a uniformly
distnbuted dynamic load  The dynamic loads were essentiatly step pulses
with ghort nae times and long durations. The magmitude of the step puise
vaned within each group of beam tests.




The tests were reported in NCEL Techmcal Report R 534, Dynamic
Shear Resstance of Thin-Webbed Reinforced Concrete Beams.?® The results
of dynamic and static tenston tests on the welded-wire fabric are given in
Appendix A of that report, and Appendix B presents the development of
theory for dynamic diagonal tension resistance  The theory 1s not imited
to | beams.

The longitudinal tension steel yielded at midspan i all of the beams
After that, three beams fatled in shear, two failed in flexure, and there was
nsufficient load to fail the other five beams Figures 11 and 12 are post-
test photographs of the beams  The cracks that can be seen in Figure 11
ndicate that the Seres H beams, containing the heavier web resnforcement,
were flexure sensitive. On the other hand, the cracks shown in Figure 12
indicate that the Series L beams, containing the lighter web reinforcement,
were shear sensitive  The resistance upon shear cracking was approximately
as predicted by the theory, but the uitimate shearing resistance was under-
estimated. The heavier welded wire fabric was effective in carrying shesring
forces after shear cracking, but the effectiveness of the lighter fabric was
doubtful. In the beams with lighter fabric, shear resistance after cracking
n shear might have been due largely to the flanges, especially the longity-
dinat reinforcement.

In general, the I-beams behaved similarly to the rectangular bsams
of Senes A through Series E, and the conclusions were about the same.
There were three conciusions which deserve special notice here,

1. 1t s not necessary to limit the yield gth of web reinfi
t0 60,000 ps: a3 specified in the ACI Building Code ¥

2. The 104/E; limitation on ultimate usable shear strength should be
d and no dy ic increase allowed

3. The theory successfully provided the means of estimating the
diagonat tension stress rate needed for determining the dynamic
increase coefficent, Cy, for concrate in tension

A method was not developed for g the stran rates in web
reinforcement, rates which are needed for determining the dynamic ircresse
coefficrient, Cy, for tersion in stirrups

The I-beam tests were funded by NAVFAC under Work Umit
Y-F011-05-04-002

{




Figure 11 Post-test photograph of Series H beams.

THEORY
Concept of Ductility Along the Span

1t was pointed out n the Background and Definitions that there are
several types of design criteria, and some of these might be .uperimposed
over others  Ductility through underreinforcing s considered the primary
one Next, allowable strain critena must be superimposed, and last, limita-
tions on motion parameters such as deflection must be superimposed The




Figure 12, Post-test photograph of Series L. beams.

concepts of ductile yielding and ductile failure were extended to shear as
well as flexure and to dynamic as well as static loadings, and specific hmits
were expressed (n terms of stram - Now, the concept of underreinforcing
must be extended to all points along the beam, not just 10 the criticat
flexural section

First, consider Just the static flexural behavior of a uniformiy loaded
prismatic beam on simple supports  The cnitical section in flexure 1s at mid-
span  For that sectian, the compressive strain in the remote fiber of the




concrete can be plotted with respect to the tensie <train in the longitudinal
tension reinforcement as shown in Figure 13. The lmiting strains (e, €.
€,,, and ¢,,) defining yielding and farlure of the two matenals divide the plot
nto s1y rones. Zones 1 and 2 represent the elastic region, and zones 5 and 6
represent the inelastic region  Zones 3 and 4 are transition Zones where one
matenal 1s elastic and the other s not, for practical purposes, these are also
considered nelastic zones  1f the beam 1s underreinforced, the concrete—steel
strain relationship wili plot as shown in the figure Itnearly through zone 2 as
the load 15 stowly increased. Ductile ytelding occurs when the yield strain of
the steel, ¢, 1s reached and the plotted Iine passes Into zone 4. The iine curves
in zone 4 because the neytral axis changes in the beam with increase in 10ad
The sequence of events leading to farlure has three alternatives as shown by
the solid line and two dashed hines  Failure can occur by crushing of the con-
crete or by failure of the steel either with or without yielding of the concrete
1f the beam was overreinforced. the function would piot in 2ones 1 and 3 and
maybe into zones 5 and 6. Ideally, the function of a balanced beam would
plot up the boundary of zones 1 and 2 to the balance point which is one
point common to all zonas.
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Figure 13. Plot show.ng ductile, Hlexursl behavior st midwen,

Next, der the same conditions, but at the shear-compression zone
instead of at midspan  The plot in Figure 14 18 similar 10 the one in Figure 13
wxcept that 1t 1s for the shear compression zong 1 the beam is underreinforced,
the function plots linearly in zone 2 as the load 1s slowly incressed until shear
cracking occurs at point 1 n the plot  The bine changes slope upon cracking
and continues to change slowly 38 the load increases. At point 2, the stirrups
begin to yield, and the ling curves more rapidly upward as the crack progresses
upward in the beam and the area of concrete acting 1 compression 1s greatly
reduced. Hf stability of the section s mantained, the concrete will yiekd
(point 3), perhaps the steel will yield (point 4), and failure will occur by
crushing of the concrete {point 5)
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Frgure 14, Plot showing ductife, shear behavior snd bittle, Tlaxural buhawsw at
the shear-compression zone.

The line in Figure 14 1s but one example  In another istance, the
numberc J events (points in the plot) might occur in different zones, 1n a
differant sequence, and some of them might not occur at all  Farlure can
occur prematurely if the beam b ble For pie, 1t covd
fail in diagonal tension at event 1f the stirrups and dowel resistance are
wnsufficient, in dragonat tension retarded by dowel action at event 2 or 4,
or in shear-compression at sny time when the gradient of the function
spproaches infimaty. The sequence of events indicates ductifity in shear,
and the relationship of the line to the balance point indicates ductility in
fiexure, both at the shear-compression zone. |f the functions of Figures 13
and 14 were on the same plo*, direct comparisons could be made batween

(] 1) as well as b types of beh {shear and fi i3
Families of curves representing various sections along the span can be gener-
ated to study the effect of shear behavior on flexural ductiity along the span
and to determine where the critical sections are. In addition, plots for the
siatic and dynamic cases can be overlaid for companison

The concept is illustrated in the hypothetical exsmple plotted in
F qure 15. One tine represents the midspan location, and the other rapre-
sants the shear-compression zone  The numbered events are

1. Shear cracking
2. Yikhng of the wension steel at midspan
3. Yuiding of strrups

4. Yislding of the concrete at midspan
5. Yuiding of the concrete at the shear-compression zone
6. Falure of the concrete st midspan
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Events are numbered on both curves 5o that the critical pomnts on one curve
can be compared with corresponding points on the other  This order of events
appears to satisty the fadure and design criteria discussed in the Introduction
This beam could be utihzed in the elastic and nelastic regions of response,
and «f farlure did occur, 1t would be at midspan in the ductile flexure mode
If the load caused the steel at midspan to approach yielding {event 2), shear
cracks would exist, but the stirrups would be elastic and Hexural response
at both sectiods would be ductile and elastic {zone 2)  If the load were
increased until a stirrup approached yrelding (event 3), the shear and flexural
responses at the shear-compresston zone remain ductile and elastic, but the
tension stee! at midspan has yielded (zone 4)  This might be good criteria
for the ailowabtle load carrying capacity of mihitary structures which must
continue functioning atter a load exceeding normal service loads nas been
applied For greater economy (and less safety), the load cou!d be permitted
10 increase until the concrete at the remote fiber at midspan approaches
yielding (event 4)  Over this interval the stirrups have yietded and the shear-
compression zone has become overrenforced (zone 1) 1 underreinforcing
15 10 be maintained over the entire span length, this beam 1s unsatisfactory
for @ load-carrying capacity corresponding to event 4 The design could be
tmproved by adding sutficient web resnforcement 1o cause the hine i the
figure to pass through the balance point thus bringing point 4 back Into
zone 2. (See the dashed Iine in the figure ) This should not be done by
inchining the web reinforcement, which has the effect of lengthening line
segment 10-3 (which 1s good) and increasing the slope of that segment
{wh.ch 1s bad) Inchiming stirrups might force events 3 and 4 mto zone 3,
causing extreme brittle behavior and perhaps shear tailure. Designing beams
10 respond 1n zones § and 6 15 not considered practical. Mowever, 1t is desire-
able to proportion beams with the largest possible energy absorbing capacities
when they are to functron i atomic shelters where economy Is important,
collapse 1s 10 be avaided, and large deflections can be permitted  The full
energy-absorbing capacity of both matenals at emdspan can be utdized f
event 6 can be made to coincide with point A in the figure  This most
easily can be accomplished i the design by selecting a suitable value of
the steel ratio, p  Expenence has shown that p values of about 0 02 provide
maximum energy-absorbing capecity  Larger values tend to cause failure
through zone 5, and smaller ones through zones 6 or 4

The plot for a dynamically loaded beam would contain the same six
20nes, but the boundanies of the zones would be the dynamic ruther than
static hmit strains  In general, this difference, by changing the position of
the balance point, makes t more difficult 10 mantan ductile behavior 1n
flexure at the shear compression zone.
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Figure 15 Plot showing ductiiity at mudspan and shear-compression zone

General Approach to Design

Beams for use 1in atomic defense protective construction usually must
be designed to carry static service loads without yielding and dynamic over-
loads without exceeding designated strains or motions  The beams should be
designed 1o behave similarly to the example in Figure 15, and event 2 should
be used as the critena with regard to static loads. With regard to dynamic
loads, event 3 might be used for command posts, event 4 for personnel shel-
ters, event 5 for equipment shelters, and event 6 for unoccupied structures
Such beams could be designed using this general approach

1 Design for static service loads in flexure al midspan proportioning
for maximtim strain energy capacity in case of overload and in
shear at the cnitical section and shear compression zone propor
tioning for adequate flexural ductility in case of overload

2 Analyze for dynamic overloads for flexure at midspan, for shear
at the cntical section, and for shear and flexure at the shear-

compressiun zone,

3 M necessary, revise the design and repeat the analysss,

1t the design 1s inadequate in shear only, these changes singly or n

combination would be best

1 Decrease the stirrup spacing. s

2 Increase the stirrup area, A,

3 Increase the stirrup yield strength, f,,




The first 15 best for small adjustments, the second for larger adjustments, and
the third for the largest Increasing the concrete strength, f;, mcreases the
shear resistance, but 1t influences the flexural resistance too Increasing the
steel 1atio, p, 10 increase shear resistance should be used only as a last resort,
because 1t has a large effect on the flexural resistance and the energy absorbing
capacity, an effect which might not be advantageous

I the design 1s shghtly inadequate in flexure, appropniate changes
should be made and the analysis repeated  |f the design 1s grossly madequate
in flexure, the beam should be designed for the dynamic loads using approx
imate methods and then analyzed using mure prectse methads  In either case,
a prehiminary destgn must be done first, and then analyzed

If the preltminary uesign is not evolved by normal static design
procedures, the flexural aspects of the design can be accomplished by employ-
ing dynamic design aids in the form of charts, graphs, and tabulated data  Such
ads are avarlable in References 2, 4, and 5. The charts in NCEL Technicat
Report R-121, Design Charts for R/C Beams Subjected to Blast Loads?? are
probably the most rapid means available. In conjunction with these methods,
the shear aspects of the design can be accomplhished by emgloying the chart
n Figure 4 to determing the maximum shear at the supports and Equations
10 and 11 to determine the minimum amount of web reinforcement.

General Approach to Analysis

Equivaient Dyhamic System. Beams have an infinite number of
degrees of freedom, mathematical analysis 1s possible for structural systems
having only limited degrees of freedom, and soll b gly
tedious with only a few degrees. 1t1s recogmized that practical solutions
wan be obtained easiest by modeling the actual structural system with a
single-degree-of-freedom system called an equivalent dynamic system The
solutions cbtained by using equivalent dynamic systems, then, are approx-
imate and not exact

The kinetic energy, strain energy, and work done by external loads
for the equivaient system are equivalent at all times to the corresponding
total energies for the actual system The displacement, velocity, and accel-
eration of the equivalent system are at atl times equal to those motions at
one preselected section along the span of the actual system, Midspan 1s the
section seiected for modeinn in this theory for reinforced concrete beams.

Maethods for Solving Equatinns of Mation. General methods that
wan be used for solving equations of motion are classical methods, graphical
methods, and numerical integration  The ady ges and disadvantages of
each method are discusced in Appendix B of Reference 4 Single versus




multt degrees of freedom systems and equivalent dynanic systems aiso are
discussed there  Numerical integration of a single degree-of freedom equiv-
alent dynamic system s the general method sclected for this theory for
reinforced concrete beams, The advantages of the mithod are discussed in
Reference 28

Flexure-Shear-Bond Integrated Analysis. 1 numerical integration 15
used, the analys:s of flexure, shear, and bond, and checks for deflection,
velocity, and acceleration need not be divorced  They can be combined into
one integrated analysis that follows the behavior ot the reinforced concrete
beam through the elastic and inelastic ranges i flexure and the uncracked
and cracked ranges in shear For each increment of time, At, deflections,
accelerations, velocities, and strains can be compared with allowable, yield,
or yltimate vaiues at ridspan, the critical section, the shear compression
zone, and the face of the suppor? to predict events representing changes in
behavior in flecure, shear, and bond Al of the events referred to in the
concept of ductility along the span {Figure 15) can be predicted in any
sequence of zone

Linesr Accel tam B tatinm Mathad

Motion at Midspan. The hnear acceleration extrapolation method
vaas the specific method of numerical integration used in the computer code
that generated data which were compai 2d with meagsured data of the Senes
F tests The procedure had a constant time :nterval and was self starting
These charactenistics make the method 3 good one for computer programming
The recursion formulas are

Ppey = R
Voot ® T 02
. 1. 1..

Yasr * Vo ¢ z-v,.m 0-5v...|m (13)

Yoot ® Yo ¥ VaBL 4 Tylla07 ¢ LV, 0T 04

where ¥ = accelergtion (in fsec?)
v = velooity Lin /sec)

y = deflection (in)




P = load between supports (1b)

R = flexural resistance {1b)

Ky m = load mass factor

m = mass (Ibsec?/in)

At = time increment (sec)

n ~ycle number in numerical ntegration

In this theory, the effects of damping are included, it part, in the resisting
function, R, which 15 a function of velocity as well as displacement

Shear at Support. At any given time the shear at the support can be
expressed as the sum of resisting and forcing functiuns

V, = G,R + C,P

where V, = shear at the support (Ib)

C, = resustance coefficient

C, = load coefficient

{15}

Factors and Cosfficients. Values of the factors and coefficients for
the equivalent dynamic system at midspan of beams on simple supports
under uniformty distnbuted ioading dre

Coafficient Vilue
F:tm Elastic Region inelastic Region
of Response of Response
Load-mass factor, Ky 4, o7 066
Resistance coefficint, C, [k ] 038
Load coetficient, C, on 012
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Dynamic Stress Rate of Concrete in Diagonal Tesnion

Fuss?® derwed an equation for estimating the stress rate of concrete
n diagonal tension in reinforced concrete beams on simple supports and
subjected to umformly distributed dynamic loads

. w,(L-2x)Q
f, = 25 ——— (16}
' 6’7,
where f, = stress rate of concrete tn diagonal tension (psi/sec)
w, = peak unmiform toad (1b/in )
L = spaniength {in)

X, = distance from the support tu the critical section for
shear (in )

Q = statical moment of the cross section (in 3}
ly = gross moment of inertia (in *)
b’ = webwidth{in)

T, = natural pertod of vibration {sec)
In the case of rectangular beams,

Q2 .3
&1, ~ Zbh

where b = beam width {in)

h = total depth of the beam (in )

and therefore,

—-

15 [wo (L-2x,)
' 4 [ bhT, 7
Dynamic Strain Rates in the Materials
Approach. The derivations of equations for predicting the appruximate

strain rates in the matertals are summarnized here  The approach used in the
derivations 1s to relate the stramn rates of the materials at the cnitical sections
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for flexure, dragonal tension, and shear compression to the velocity at
midspan, whech is equal to the velocity cf the equivalent dynamic single
degree of freedom system

Assumptions. The following assumptions were made to simphfy the
equations {1) The dynamic deflected shape 1s the same as the static deflected
shape, {2) the strains and strain rates i the matenals, including stirrups,
are proportionat 1o the distances from the point of rotation at the shear
compression region, and (3) the point of rotation in the shear compression
region Is at the bottom edge of the compression steel at a distance, x,,, from
the support  See the diagrams in Figure 16
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Strain Rates in Stirrups. From the strain diagram for the shear-

compression zone {Figure 16), 1t can be seen that

EV
¢ ~ tang = "

for small values of ¢
- %

where ¢ = umit curvature (rad/in )
€, = strain in strrup (in./in )

x, = distance from the support to the point of rotation {in )
Therefore, the strain in a stirrup at x, 1s

€ = (x, - x)tng » (x, - xJ)¢

Let Ky » L =L
Y¢ Y%

K atad
v oy
Ky = x, - x,

where K, = defiection ratio (in /in.)
Kz = curvature ratio {rad/in 2)
K3 = distance over which stirrups are active (in }
y = deflection atx, (in.)
Ye detlection at midspan (in )
¥ = velooity at x,, {in./sec)
Vg = velocity at midspan in /sect
# * unit curvature at x, (rad/in.)

$ = o change of umit curvature at x, with respect to
time (rad/in /sec)
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Then, the strain rate in the outboard stirrup atfected by tha dingonal tension
crack can be expressed as follows

& = -KyKyKaig (18)

where €, 1s the strain rate in the stireup 1 in /in /sec 10 the equatinn, the
ratios Ky and K, provide the transformations from deflection rate at mid
spdn 1o deflection rate at the shear compression zone to curvature rate at
the shuar-compression zone, and then the radial distance Ky, provides the
final transtormation 1o stain rate at the cntical sectron  In the case of
beams on simple supports and subjected to uniformly distributed load,

16x,
Ky = ——= (x3 - 2Lx2 + L9
514
12(x, - L)
K2 = 2 4 3
xg - 2Lx? + L

. 192x, . i
Thus, (A —S—I-.-‘- (L - xMx, - x)yg i19)

In making calculations beyond yiclding of a single stirrup, 1 1s convenient
to assumu that the strain rate of the group of stirrups atfected by the shear
crack i one half the strain rate of the outboard stirrup

b * 7 20

Strein Rates at the Shear Compression Zone. The strain rates in the
materiats at the shedr compression zone can bu expressed i a similae fashion
43 follows

b0 K Kpved” @

6 Ky Kyygr 22

6 * K Kvcld - d") 23)
4%

L e




where é, = Strain fate 1n coNcrete IN COMPrEssICn at remote
fiber (in /in /sec)

é, = strain rate in compression steel {in /in /sec)
€, = strain rate 1n tension steef (in /in /sec)

d"” = distance from the remote fiber to the point of
rotation (in }

r = radws of compression bar {in )

d = effective depth of the beam (in)
In these equations, the radal distances d”, r, ard (d - d”) provide the final
transfcrmations from curvature rate to strain rates at the shear compression

zone In the case of beams on simole supports and subjected 1o uniformiy
distributed load,

192x,
KKy = e (L-x,) 4

Strain Rates at Midspan. The strain rates in the materials at medspan
<en be expressed in a similar fashion by letting

4 .
Ke --Yi
s

where K, = curvature ratio at midspan {rad/in 2}
$¢ = unitcurvature at midspan {rad/in.}

Then,
€ = ~Kyvg e s
i . Kevgle - 6) )
i Kl - o en

where ¢ = distance from the neutral axis to the remote fiber (in )

d" = distance from the remote fiber to the centrord of the
compression steet {in }
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In the case of beams on stmple supports and subjected to umtormly
distributed load,

Ky = = (28)

Dynamic Yield Strength of Reinforcing Steel

If the elastic strain rates and static yield strengths are known, the
following equation can be used to determine the dynamic yield strengths
of stirrups and longitudinal reinforcing steels

o, 3 .
Sov .y, 12200 949x10® | f3000  423x100), 0 (29)
dy 9 03 9y 03

where g, = dynamic vield stress (psi)
9, = static yield stress (ps)

€ = stran rate (in /in /sec)

U,
and 1c-2¢2
oV

The upper himit 13 recommended because experimentat data above that limit
15 sparse. The fower imit is recommended because the equatton grves low
values n the case of small static yield strengths at very slow strain rates

Data to corroborate the equation may be found - References 14,
22, ana 23 and in Appendix A of this report. Values of ay,/a, are plotted
n Figure 17

The dynemic increase coefficient for stirrups, €, can be computed
from Equation 29 since 04, /0, = G, in the case of stirrups

Dynamic Compremsive Strength of Concrete

Hf the strain rate and static compressive strength are known, the
following equation can be used to determine the dynamic compressive
strength of portland cement concrete.

o
-'!f- = 117 + 0.173¢ + 0.08l09(10¢) {30

e TR R ¢




where ';: = dynamic compressive strength of the concrete at 28 days (psi)
fo = static compressive strength of the concrete at 28 days {pst)

g
and 1< %<2
fﬁ

The upper himit 1s recommended becaus: expenmentat data above that hmit
tssparse  The lower himt has hittle practical importance wath regard to beam
behavior since the ratio, §4./f., 1s greater than one for all strain rates greater
thzn 0 0001 1n /in /sec  However, this limit 1s very simportant to computer
programmers because the ratio approaches minus infinity as the stran rate
approache s zero of @ fintte himit 1S NOt given
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for reinforcng steel

49

4 TR AP T e - A




Vaiues of fo,/f, are plotted n Figure 18 Data to corroborate the
equation may be found in Reference 24 Over most of the range of strain
rates considered, the U S Air Force® and U S Army?® currently recommend
dynamic increases in compressive strength which are si'ghtly larger than those
given by the equation here
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Figure 18. Plot of dynamic increass in compressive strength versus stram rate
for portiand cement concrete

Dynamis Tensile Strength of Concrete

1f the tensile stress rate and static tensile strength are known, the
fotiowing equation cun be used to determine the dynamic increasn in tensile
strength of portisnd cement concrete

! . .
Ci = o = 0951 + (1.33x10%i, + 00M3logi, (31
)

where C, = dynamic increase coefficient for concrete 1n tension
1, = dynamic tensile strength of the concrete at 28 days (psi)

f, = stauic tensile sohitting strength of the ¢ at 28 days (ps1)
i, = stress rate of concrete in tension (psi/sec)

Rl o

®




ond 166 < 174

The upper and iower limits are recommended for the same reasons as those
in the eguation for dynamic compressive strength

Values of Cy are plotted in Figure 19 Data to corroborate the
equation may be found in References 14, 17, and 24 In tests by Cowell, 24
1t was found that the dynamic Increuse in tensile strength was considerably
less for specimens cured 49 days with respect to those cured the customary
28 days. Of course, during that same time interval, the static tensile strength
increased shightly Since the reduction i dynamic mcrease predominates
over increase In static strength for a ime after 28 days, the equation given
above was developed to give values of €y shightly low zr than values obtained
from tests on specymens cured 28 days  This adjustment permits the us of
conventional 28 day test data 1n the formula, otherwise, tests after a longer
curing time would be required.

Shear Resistance
Location of the Critical Section. The following equation was used

for computing the distance from the support to the diagonal tension critical
section

x$ ¢ x2Ay-20) + x2{L2-227-89L) + 2* - 05917
2221 - 3¢12

(32)

whete y = 2,500pd1.9C, \J17
z = overhang (in)

This equation is derived in Appendix A of Reference 23 for the conditions
inctuding overhang as shown in the dragram below
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Frgure 19 Plot of dynamic Incresse in tensie strength versus tensi'e stress
rate for portiand cement concrete

Shear-Moment Ratio at the Criticat Section. 1f the location of the
criticyl sectivn 1s known, the shear moment ratio at the criticat section can
be computed as

L - 2x,

v -
Yo n e (33)
Mo s -a- 22

where V= shear (ib)

M = moment lin -ib)

Dynamic Shear Strangth at the Critica! Section  With the dynamic
merease corficients, €y and €y, known and the shuar moment ratio, V/M,
Fnown, Equations 5, 10, and 11 Lan be used 10 calculate the dynamic shear
strength gt the cnitical section  Since all the stirrups in the test beams were
vetticdl, the angle, &, was 90 degrees and the quantity (sina + cosa) was
cqual 1 one Since the suations were being used to analyze test specimens,
the Capaaity reduction factor, @, was wiso taken as une  Therefore, the equa
B for diagonal cracking steength v, and usable ultimate shear strength,
v, were simphified os foliows

Forp< 0012,

v, = (08 + 100p)C,\T, (34)
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where p = reinforcement ratio

v, = shear strength contributed by the concrete (psi), diagunal
tension cracking strength {psi)

Forp> 0012,
v =19, yT + 2500 848 <3sc,/T w8
For A, < 00015bs,
v, * v (36)

where A, = stirrup area parallel to the beam axis (in 2
§ = stirrup spacing center to center, parallel to the beanr axis (in }

v, = usable ulumate shear strength {ps)

[ ] ' For A, > 0 0015bs,
f
Vo T Y + c’_ﬁ;.;'.'! ‘9\/'_: (37)

where C, ® dynamic increase coetficient for steel in tension

t,, ™ static yield strength of stirrups (psi)

Dynamic Shear Resistance at the Support. |f the location of whe
critical sectron 15 known and the shear distribution along the span 1s linwar,

the shear resistance at the support correspondii.g to the diagonal tension
' cracking strength and usatle yltimate shear strength can be expressed as

Ve = 3 (38)




.« P n

where V. = shear resistance at the support corresponding to the dragonal
tension cracking resistance (Ib}

V,, = shear resistance at the support corresponding to the usable
ultimate shear resistance (Ib)

For each cycle of the calcutation prior to shear cracking, the
resistance at the support corresponding 1o the diagonal tension ¢rde ¥ ing
resistance was compared with the shear at the support obtained from
Equation 15 If at any time the value of V, uxceeded V., the output of
the computer indicated that shear cracking had dccurred, and all further
computations werc made using foimulas for a beam cracked in shear This
change 1n behavior 15 repre<ented by event 11n Frgur: 15 For each cycle
of the calculation after shear cracking, the resistance at the support corre
sponding to the ysable ultimate shear resistance was compared with the
shear, V, If at any time the value of V, excerdcd V,,, the output indicated
that the usable ultimate shear strength had been exceeded, and 1n subsequent
cycles no further comparnisons of these values were made  This event corre-
sponds 10 yielding of the stirrups {event 3. the figure) or to dowel farlure
depending on which one occurs first

Bending Resistance st the Shear-Compression Zone. For predicting
events n shear behavior other than those already discussed, a different
hypothesis 15 offered  After a diagonal tension crack has formed and pro-
pagated into the upper portion of the beam near the under side of the
compression reinforcement, the prediction of behavior at the shear-
compression zone becomes primaniy a bending {rotation) problem rather
than a shear problem The center of rotation might be a considerable
distance from the support at a point where vertical shearing forces are
not largest, but the maximum resistance of the cross section in bending
18 greatly reduced by the shear crack  Fatlures in this zone occur when
the uttimate bending resistance i1s exeeeded

A section through the shear compression zone at the head of the
shear crack might remain stable after yielding of the compressive concrete
and after yielding of stirrups, but not atter yielding of the tongitudinal
tension steel. |1 appears that yielding of the longitudinal tension steel in
aregion of high .vear near a support trigers dowel failure by the formation
of a mechamsm that is not very weil understood  Theretfore, in a slable
section, the stirrups may be elastic or yielded, the concrete in compression
may be elastic or yrelded, but the longitudinal tension steel must be elastic
Combinations of these material conditions have been designated case |
through case HV as follows
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B
Matenial Conditions
Case s C Longitudinal
erups Concrete Tension Stec!
i elastic elaslic elastic
" partly yrelded elastic elastic
it partly yieided yrelded elastic
v elastic yrelded elastic

The free-body diagram for case | s shown m Figure 20 The point of
rotation, pomt O 1n the figure, 1s at the onttom of the compression reinforce-
ment at a distance, x,,, from the support  Also, a small overhang, z, 1s shown
at the support, and the outboard stirrup atfected by the shear crack i1s assumed
to be at the cnitical section, x,  Vecters in the diagram represent the distrib-
uted l0ad, the reaction, the horizonta! forces in 'ongitudinal reinforcement,
the horizontal stress distribution in (ie  ompressive concrete, and the vertical
force distribution in uniformly spaced tirrups  The inertia of the concrete
mass of the free body relative 10 the 21 xcent matenial of the main portion of
the beam 1s very small compared to the reaction at the support at times when
failure 15 likely to occur, therefore, the inertia 1s neglected  The free-body
diagrams for the other casus are ditferer t only 1n concrete stress distribution
and/or stirrup force distribution where trapezoidal shapes are used in lieu of
trnangular shapes.

For each of the cases described above, equations were derved for
computing (1) the distance from the support to the point of rotation, x,,,

(2) the ratio of the maximum resisting moment to the resisting moment,

My /M, and (3) the stresses in those materials that are assumed to be unyelded
The equations for cases | and |1 apply over the range of possible rotations
within the stated conditions, those for cases 111 and IV are different in that
they apply specifically to the rotation at which time the compressive concrete
strain is at its uitimate value (0 006 n /in ) The three computed items are
wmportant because (1) the pont of rotation coincides with the point where
the ratio 1s least and, therefore, indicates where fatlure 1s most hkely to ocour,
(2) of the ratio 15 greater than unity, the section 1s stable, and (3) the stresses
must be compared with corresponding dynamic yield stresses to determine
the vahidity of the case used  With regard to the third item, Jf any one of the
computed stresses 1s greater than the corresponding dyramic yield stress, the
case used does not apply 1 the dynamic yield stress of the longitudinal
reinforcement ts exceeded, One must assume that the beam 1s fatled by duwel
failure 1 any of the others are exceeded, one must try another case,




Figure 20 Free-body diagram for case |

When the computer code was used, calculations for the bending
resistance at the shear-compression zone were initiated upon shear cracking
and were continued for each cycle of thu numerical procedure 1t was sup-
posed that propagation to pont O 1s tnstantaneous, but no assumption was
made of the hortzontal location of point O The subroutine for case | was
loaded and used first, Equations 40 through 44 apply tc cose !, The distance
from the support 1o the paint of rotation was determned by terative solution
of x,, in the following rquation

+ xABML - 2%

+*

x(B(8x3-2Lx,~222)

A d

x3[al3) + B(Bx 2% - 3x2)]
+ 2xglaf-L-x) + plLxd +x-3x222)
+ laflx +2%) + Bi-Lxt+2x22%) = 0O (40e)
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where o = Af- e 2E, v a - {40b)
" T T E, InrA
+
b(d”)?
A‘ "
P= =7 (40c)
and A, = area of tension stee! (in 2)
f, = atess in stirrup (ps)

€, = modulus of elasticity of steel (psi)

m
<
N

modulus of elasticity of surrups (psi)

3
[}

Ey/k.. modulus of elasticity ratio
E. = modulus of clasticity of concrete in compression (psi)

area of compression steet (in 2)

>

The strusses 1n the remote fiber and the longitudinat tension reinforcement
can be expressed i terms of the stress In the outboard stirrup (the stirrup
at x) as tollows

-d"\/[E 2A,f1
f, = d-d’\( "y —_— (41)
x, =X/ \E, bd" + 3InrA,

~

)o, 42}
v,

where f. = stress in concrete (psi)

f, = stress in tension steel (psi)

When the subroutine for case | was loaded, the arbitrary assumption wds
made that stress In a stirrup at x, governs shedr yiclding  The imitial value
of stress was taken equat to the dynamic yeeld strength (f, = £, }, and the
distance, x,,. was obtained from Equation 40 This value of x,, 1s the pre-
dicted location of the point of rutation at the time of yeelding of stirrup
yielding governs  Next, the stress in the remote fiber was computed from
Equation 41 If the concrete stress was tess than its dynamic yield strength
{t, < f4cy). the Imuial assumption was maintamed and the procedure contin
ued Otherwise, the imitisl assumption s invahid because the concrete yields
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bet rothe ~tirrups 1 the initial assumption was proved wrong, the concrete
swos ot equal 1o its dynamic yield strength (fg = £5 ), the correspond
ng st reLp stress 1, was computed from Equation 41, and Equat o 40 was
solved again 'e utain the vatue of x,,, which is the predicton of the Incation

of the punt of rotation at the time of yieldging ,fconuete yielding aoverns,

The ntite provedure was done aaain usrr . = uation 42 1o check the vabdity
ot assumption regarding which matern ' ields first and to revise the

wss anyg o) and the values of f, and x 1f 1 ccossary  Atter the matenial

LoV 1iang shedr yielding was known and the correct values of f, and x, were

aptamerd the masomien resisting moment, for the case bemng considered, was

calcntate d as follows

Ma = S+ Bl - %P )

v
where Mg = maximum resisting moment {in +ib)

and where @ and g dre the values obtaned from Equations 40b and 40c The
momeit at the same time and position was calculated as

P
M- 2—';_ Lx, - x2- 2% (45)

1f the ratio of the maximum resisting moment to the moment, My /M, was
tess thar untty, the computer output indicated that the beam was yielded
n shear the case | subrontine was abandoned, and erther another subroutine
was iuad d or bending resistance calculdtions for the shear compression zone
wer torminated

The subroutine for case 1 was loaded if yielding of 3 stirrup governed
the final cycle o1 case | Equations 46 through 49 apply to case Il The dis
tance from the support to the point of rotation was determined by iterative
solutron of x,, 1n the following equation

+ x2(L - 2x) + 2x.,(x§ -z’+51-§)

L
¢ (2% - L2-ZE0gL) = 0 (484)
2d'-¢

34 InrA;
bla')?

where v = Af, +d-d {46b)




Af

e {46c)
1 El 'm o ?
{ = 5[——5,', d-d ] (46d)

amd K, * dynamic vield strength of stirrups {(psi

The stress in the remote fiber can be expressed in terms of the stress in the
tunqiudingl tension steel gs foltows

2A.f,
o * —-—a—n;T;- 47
4"+ s

P

When the subrouting 1or case T was loaded, the arbitrary assumption was .
made that stress in the lonqitudinal tension steel governs the upper boundary
of case 11 The imhiat vawe of stress was tuken cqual to the dynamic yield
strength (£, = £,,), and the stress in the remate fiber was obtaned fram .«
Equatiun 47 If the Loncrete stress was less than its dynamic yield strength
{f. < "“). the ifitial asuMpPtion was maintained, andg the distance, X, wds
determined by solving Equition 46 Otherwise, the imitial assumptinn is
invahd becaus the concrete yiekds before the steel I the il assumption
Wwais Proved wrong, the concrete stress was set equal to its dynamic yield
strength {f = £, ), the corfesponding steel stress £ wos computed from
Equation 47, und then Equation 46 was solved to obtam the value of %,
Alter the quverning matenial was known, and the currect values of £, and x,
were obtained, the sraximum resisting moment was calculoted os

My = v ¢ 8lix,-x)? < {1 (48)

where g, 8 and § are the values obtane d from Equations 46h, 46¢, and 464
The rrome nt gt the same ime ankd posiion was ootained by the use of
Equation 45t the ratio of the maximum resistiek) mu e ent Lo the moment,
My /M wars I ss than umity, the cose 11 subrontine was sbandgoned, and either
another subroutine ws lowded of bending resistance calcutations for the
AN COME FESSION 200 ware termingted  An ufi ssiilial bat nonethelesy
inte feshing, value computed duning cach eyl of cse 1 was the number of
vk d stirrups, N

Bty
N'-';El.-u‘-—é-'%.l(d-d)] “9)
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The subroutine for case 1 was fpaded if yietding of the concrete
governed the final cycle of case 1 or if the stitrup stress excecded its dynamic
yield vatue in the fingt cycle of case IV, Equations 50 thrgugh 52 apply to

case 1L, The chstance from the suppors 1o the point of rotation was deter
auned by iterathve solution of x,, i the following quation

' ¢
+ xUL - 2x) + 2xu(x3 -2 4 % 0)
+ (2z’xe-Lx3--¢;—L-¢0L)~0 © o (s0a)
whete ¢ v 0006 &"’ E,Alld - d) ¢+ 15,bd"075¢ - 0291¢")  (50b)

EAfy, ld-d") ?
E,(o.751,,‘,ba" + 0006 5z E,A,’)

1
3 50¢
0= 3 (50¢c)
and the value of § is obtained from Equation 46¢. The maximum resisting
ol was Lalealated o

My = 0 + 8lix,-x)? - 0] {s1)

The moment at the same tune and position was obtained from Equation 45
The number of yiekded sticrups is

E\A,fgyy (d=d")
N-%x“-x‘- 12 v 7 (52)
E,(0751,, bd" + 0006 ;5 EA)

1t the tatio of the maximym 1] t 10 the 1. Ma/M, was

1eas than utity, the comouter output indicated that the beam was failed in

dwar compression, and bendmg resistance calculations for the shear-compression
000 wure termenated.,

Thes subroutine for case 1V was loaded i yielding of the compressive
concrete yoverned the fingl cycle of case 1. Equatinns 53 through 65 apply
tocoe 1V The distance from ine support to the point of rotation was deter-
miexd by stetative solution of x,, i the following equation:

- . o netr
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+ vA-A) + ¥32aL}
+ x23MxZ - Lx - 23]

+ 2x,{M322x - x3) + n}

+ AMLx3-322x2) - qL] = 0 {53a)
where n = f4,0d"(0.75d - 0291d")
+ 0006 dL E,Alld - dY _ {530)

A, (07515 bd" + 0008 17 E,A;

*tRE 3s@-d') (63
The stress in the stirrup at x, is: i

—

x, - x £,\[075%cbd" + 0.008 dL E,A] "
T asd \& A !

I the computed stirrup stress, §,. was greater than the dynamic yie. J stress,
favy- the subroutine for case IV was abandoned and replaced with the one for
case 111, 1f the computed stirrup stress was less than the dynamic yicld stress
(F, < f4,). the subroutine for case IV was maintained, anc the
resisting moment was determined from this formula;

3

My = 7 + A, - x P 55)

The moment, M, was determined by using Equation 45, It the ratio, Ma/M,
was less than unity, the computer output indicated that the beam was farled
in shear-cornpression, and bending resi leulations for the shear-

CoOMpression zone were terminated.
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Bond Resistance

When the computer 20de was uvd, bond calculatsons were made for
ecach Lycle of the nurenicat integration They were made m accordanor with
thoe attikes i the ACH Builhing Code™ which pertain 1o boad and anchor-
g0 i ultimate SCOGI dest. Dynamie increase in boud .\mu.qxh was not
comidered  Formstance, for teasion bars, other than $ip bars, with $1228
and deformations conforming 0 ASTM Spesshication AL

u, = < 800 psi (56)
where u, ® ultimate bond stress {ps)
D = nominal driameter of bar (in)
At the criticat see tion for bond,
V, * 6¥,0dy, ’ 57

where V, * maximum atlowable shear at the cntical section for
bond (ib) .

capacity reduction factor

¢

I, * sum of peameters of effective bars (in)

jd = motnent arm between wentrands of compressive and
tenstle forees (in)

Since the cquations were being used 1o analyze test spectmens, the capacity
reduction factor, ¢, was taken as unity, Therefore, Equation 57 was simplis
fied as follows

Vy = Y,idu, {58)

All of the beams analyzed were bolted 10 bearng plates which were simply
supported, Therefore, the ¢ntical section for bond was assumed to be at the
edye of the Leanng plate at a distanee x,, from the simple support - Thus, the
shear fesistance at the support corresponding to the ultimate bond strength
was expressed as follows.

(59)

62
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whete Vg = zheat resistance at the support corresponding to the eltunate
bond resistance (1b)

X, = distance from the support to the catical sction for bond (in)

For cach cycle of the catealation, the fesistance at the support
corresponding 1o the uiimate bond resistonce was compared wath the shear
at the support obtdined from Equation 15 1f at any time the value of V
exceeded Vg, the output of the computer idicated bond failure and bond
calculations were discontinued

Fiexural Hesistance

Gineral. The flexural resistance, R, in Equanon 12 can be computed
for eack cycle of the calculution teking into sccount the chunging mxdutus
of elasteaty of the concrete, vAnch Causts 9 stighlly nunbinear resistimoe =~
deflection telationship in the elostic feqion, o the dianging stee pyths of
matlreals, Whigh cause a very ddfimte nonlingar esntance~de flection
reiationgip in the melastec regron Damping of the system Jun to the changing
strengihs -3 matersals occurs 10 the caleulatinns as the floxural fenstance 1s
influenced by the speed of the beam

The strain rates and dynamic strengths of Mmatttials s midspan have
heen discussed peviousty and opplicable fo.mulas have becn grven as Equa
nons 25 through 30

Moment Capacity., The provisions of acticle 1602 of tae ACY Building
. Code™ were used to determng the ultimate design, dynamic f sistiog moraeal,
My, by stmply substituting the dynsmic yield >tresses in plae of the static
yigld stresses and permitting remforcement ratios, p = p°, up 10 the batancea
condition, p,  Article 1602 pertais 1o lexurad computations in ytimate
strength design for rectangular beans with compression remforcement The
steens block proportion s approximated by

ky = 085 f,,<4,000ps {603}

fae = 4,000 .
ky » 085 - 005 ~ 000 f4e > 4,000 pst (60b}

where Ky 15 the stress block proportion The remloraement ratio that woulid
produce belatced conditions 1§ predictd by
N 085k, fy 87,000 61)
f 87,000 + 4,

dy
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where p, = reinforcement ratio that produces batanced conditions

foy ® dynamic yield steength of tension steel (pst)

The beam 1s overreinforced when

PoP 5 (62a)

where p' is the compresston reinforcement ratio. The beam is underreinforced
when

PP <1 {62b)
Py

T seam ig underremforced but does not conform to ACH 16021d) when

075 < =L < {62¢)
: Po

Although yielding of the compression reinforcement does not
constitute vielding of the beam, such yielding does influence the moment
carrying capacity enough 10 be considered here. Therefore, different for-
mulas were used 1o obtain the dynamic resisting moment for the cases of
yiclded and unyiclded compression reinforcement at the: time of yielding
of the beam  The reinforcewnent ratio that would produce yielding of the
compression renforcement concurfent with yielding of the tension ren.
forcement for the curfent velocity of the beam is predicted by

fa.d' {87,000
py = 085k, m (W-—_".') (63)

where py * reinforcement ratio that produces yielding of the compression
tenforement concuerent wath yielding of the tension reinrorce
ment

1, = tynamic yild strength of compression steet (psi)

1 p - p’ > p,. the compression steel i
fes15ing moment can be determined from

4 10 be yielded and the dynamic
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Mo = (A, = Alfg) (d . 5) ¢ AfL@-d) (64

Adgy - A;'d;

by L]
where a Oesfd;b

and My, = uluimate design, dynamic resising moment (in -1b)

a = yltimate design, stress block depth (n.)

1 p - p’ < py, the compression steel 1s assumed o be elastc and the dynamic
resisting moment s

. a , kyd' ,
My, = 0851ab(d - 3) + A, \t - 5=) - &) (65l

where a = [(A,lw - AjEgc,)

o
t \fla 1y, - AJE ) ¢ 34',;bA,'e,eqk,u'_|/|.71,;o
and ¢, = yield stran of concrete in /in )

Neutral Axis. The location of the neutral axis at the ime of flexural
yielding based on the current velocity of the beam is expressed as

L (66)

Modulus of Elasticity. When simphficd methaxds of analysis and
design were used, the modulus of elasticity of the concrete for the static
cau* as given in Equation 7 was used, When the compater code was used,
the dynamic compressive strength of the congrete was used in heu of the
static strength as follows

E. = 2'5334f1,, 67)

whore €; = modulus of clasticity of concrete in compresston {pss)
» = density of the concrete (1b/13)

tye * dynamic compressive strength of the cond rete at 28 days (psi)

65
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Moment of Inertia. The moment of mertip, assuming a cracked
section, 1§ expressed as

3
2B s nad-c? + - DA-dR  (68)

¢ 3
where 1, = moment of inertia of 3 cracked section (0 4)

Stiffness The rahio of the resistance and the deflection traditionally
has been considered to be a constant, calfed the spring constant, and propor-
tonat 1o the product of the modufus of efasticity and the moment of inertia,
cotfed the stitfogss, and inversely propottional 10 the third power of the span

length, Thus,

where k= spning constant {Ib/in}
E = modulus of elasticaty (pst)

1 = moment of inertia (in.4)
For uniformly icaded beams on simp'e supports,

384 /E)
-2

Actually, the moment of inertia changes with deflection, which in turn
changes with time, as the flexura) cnitical suction passes through the uncracked,
cracked, and hinging states of behavior, Also, the stiffness changes shghily
with time 3s the inedulus of elastiaity of the cuncrete changes with beam
velocity, Therefore, the spring ¢constant is not a constant at all, but a vanable.
The spring constant {er the cracked regime, K, was computed from
the mocutus of ufasticty of the concrete and the moment of nertia for @

ctacked section

ass [E),
k. % -E- 69}
66
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whete k, i€ the spring constant of o cracked section sn Ib/in Then, an
approximation of the spring constant, which can be used through all
regimes (uncracked, cracked, and hinging), was made using the method
recommended by Nosseir,’® In Nosseir's method, the spring constant, k,
is obtained from the spring constant for the cracked regime and the span-
depth ratio of the beam,

K = [0.13(%) . oooss(%)’] k, o)

Data from this empincal formula compared well with measured data within
the imits: 4 < L/d < 12. Carsohoration outside those Timits was not
attempted. Data within those limits to corroborate the equation ¢an be
found in Reference 18 and in Appendix 8 of this report. Appendix 8 also
c c isons bet Nosseir's method and other methods.

For each cycle of the calculation prior to shear cracking, the natusal
penod of vibration was determined from the mass and the spring constant
by application of the fotlowing formula:

T, = 22 VK., 2 {708)

k

The natural period was not used in fi I e calcul but was

used in Equation 17 to estimate the dynamic stress rate of the concrete in
diagonal tension.

R The fl I 15 mited by the moment carrying
capacity, For uniformly lodded beams on simple supports, the maximum
resistance 1s computed as

8M,
R, = -T"i 7

where Ry, 1s the maximum flexural resistance 1n pounds. Otherwise, the
resistance can be expressed as the product of the spring constant and the
deflection, Thus,

R = ky < R, 2)

Upon the first occasion of R,, governing in Equation 72, the computer output
indicated flexural yielding,
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Inefastic Hinge. For each cycle of the calculation after flexural
yielding, an analysis was made of the nefastic hinge to estimate, for the
cureent velocity of the beam, how much deflection would correspond to
flexura! failure assuming that failure occurs when the compressive strain
in the remote fiber reaches the ultimate steain, €., (0006 in /). The
following general procedure was used:

1. From the assumed stress and strain distributions over the ¢ross
section, the neutral axis was found at the section where the dynamic yield
moment, M, exists (boundary of hinging action) and at midspan (center
of hinging action),

2. The ratio of the strain in the remote fiber and the distance to
the neutral axis was used 10 represent the curvature of the beam at the
center of hinging, The ratio of tension steel strain and its distance from
the neutrdl axis was used at the edge of hinging,

3 A lhinear curvature distribution from zero at the support through
the points indicated above was used to obtain a curvature diagram,

4. The defl WS CC
the curvature diagram,

p by g moments of areas in

The computer did not make use of a diagram, of course, but executed
comparable anthmetic steps. The estimated deflection was compared with
the deffection ohtained from the recursion furmulas, Equations 12 through
14, The computer output indicated flexural farlure upon the first occasion
when the defiection exceeded the deflection corresponding to flexural failure,

Keenan0 has used @ similar approach assuming linear curvature
outside the hinging length and fourth degree curvature, opening downward,
within ¢the hinging fength - Nordelt3"32 has refined the approach considerably
ustny figorous methods to predict the shape of the stress block within the
hinge and the shape of the curvature diagram across the hinging length,

The cquations used 1o analyze hinging in the Series F beams are given
in Appendix C,

Computer Programs

Computer programs were wnitten for the stauc and dynamic analyses
of rectanqular remforeed concrete beams with compression reinforcement
and stirrups,

—




QOutput data from the program for static analyss included the
load carrying capacity, deflection, ana location of the critical section
corresponding to flexurat yielding, shear cracking, usable ultimate shear,
shear yielding, shear failure, and allowable bond. It also included the mod-
ulus of elasticity of the concrete in compression and the effecti of
the stirrups. .

The program for dynamic analysis was wnitten to include the
characteristics of the Joad in the input data. The response history was
ncluded in the output, Figure 2} contains sample output giving the title
of the program, the identification of the beam, a hist of input data, and a
fist of output data  The conditions of loading and resiraint were input as
a code number and then output in the written form shown m the figure as
a check against error. The peak load was inputin thousands of pounds per
foot if it was a uniformly distributed loa! or in thousands of pounds if it

was 3 concentrated load. When this data was listed, st was also given in
terms of the total 10ad on the beam, If the [cad duration was omitted,
infrrite duration was used by the computer and the word “infinity” was
output as shown in the figure,

The precision versus cost of the solution was controlled by appropriate

input of 3 ttme increment and an acceleration Yolerance. These values were
listed in exponentiat format; for instance, the time increment shown in the
figure s 2.5 x 10"7 msec or 0 00025 second. The precision decreases as the
overhang length increases because the overhang s neglected in many of the
formulas. Therefore, some judgment must be used in specifying overhang
fength, A maximum overhang of L/10 1s considered reasonable for normat
engineering accuracy. If this computer program were 10 be used to analyze
3 beam with long overhangs, 1t might be wise 1o run the program twice, first
for simple supports with overhang and second for fixed supports, 10 insure
that both satisty the design critena.

If the half-width of the support 1s omitted, bond calculations will be
made at the center of the support instead of at the face of the support or the
edge of the bearing plate  Stirrup spacings are in the direction of the beam
axis, and the inclination factor 18 sin @ + cos a where a is the angle of incli-
nation of the stirrups. Different static yield stresses for compression stect
and tension steel may be specified as shown. The proporiions and weights
of the beam were provided in the output data for comparing the properties
of one beam with another and for estimating the weight and cost of the
beam. The main portion of the output data was a table giving the predicted
behavior, The times histed in the first column were established by the time
mcrement given in the input, and the ca'gulation was terminated when the
defl reached i because most of the equations in the theory
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do not apply when the velocity 1s negative. Other columns i the table
contain values for the motion at midspan, totat foad, resistance, shear at
the support, and the reaction at the support. Notes were given in the table
10 Indicate events which change the behavior of the beam and to provide
supplementary mformation such as position of the crsticat section, number
of strrups yielded, Incation of the shear-compression zone, and effective
ness of sticrups. The sample data in the figure predicted inelastic respunse
(flexural yielding) and failure. Furthermore, 1t indicated when and where
yielding would occur in shear compression

SERIES F TESTS
Objectives

The first objective of the Scrigs F tests was to study the concept of
ductity along the span with emphasis on the difference between static and
dynamic behavior, The design procedures which recuied from the Series €
tests?3 were used 1o design the test specimens, and the throry given in this
tepOrt was used ¢ analyze them 1t was niesired 10 achieve nearly egual
probability of failure 1n shear or flexure in dynamic tests, and to achicve
nearly balanced conditions between ductile and brattle behavinr in both
the shear ond flexure modes. Furthermore, the ductinty in bending in the
shear comp zone was studied to see if underrenforced conditions
could be mamtamed there, .

The second objective was 1o use the theory to predict the occurrence
of (17 shear cracking, (2) yielding of the tension steel at midspan, (3} yielding
of stitrups, (4) yielding of the concrete at midspan, (5) yielding of the con.
crete ot the shear compression zone, ond (6) mode of fanure. The predictions
included ume and tocation of occurrence 1n dynamig tests, and load and
focation of occurrence 1o statec tests,

The third objective was to sul the equations in the theory for
predicting dyramic shear strength over a range of concrete strength, 1;. using
predicted values of the dynamic increase coetficient, €y, and over a range of
stireup spacing, s, using predicted vatues of the dynamic increase coetficient,
c:.

Test Specimens

Description. Twelve specimens were fabricated wath a span of 138
inches (11 fect 6 inches) between supports and an overhang of 6 inches at
each end gving 3 totd! fength of 150 inches (12 feet 6 inciws). ANl had
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rectongular cross sections of 7 inch widih, 15 69 ineh effective depth, and
18 inch 1018l deptb, The gistance from the top surface 10 the centor of thwy
compression steel was 1.44 inches Al brams wete doubly remnforced with
wo no, 9 deformed bars in tenyion and two no. 7 bars m compress.on - All
had vertical boxstype stirrups made from 6 gage ware hooked 1o the com
pression steel. The ends of each beam were supported on and bolted to

13 i furny Dy §itdetlick Luaring plates which were free L transtate
hotizontally and to rotate, .

The beams designated WE 1 through WE 4 had 3 inch spacing, center
to center, botween stereups an the critical regron, and those designated WFS
through WF 12 hadd § inch spacing there  Details are shown in Eiqures 22,
23, and 24

The beams were intende.s to falhin shear near the eost end or in
{lexure at nrdspan, therefore, the stireeps were spaced closer together near
the west end  The departure from symmatry i the design was not large
enough 10 cause unsymmetrical flexural tesponse, but large coough to pre
clude shear fture near the west epd

Materia) Properties. Tests on concrete control cylinders and steet
coupons 1o determine the statie and dynamie properties of the matenals
ate discussed, and the results are given in Appendix A Allso, the static
material propertics are summarized in Table 1,

The concretr was made $rom Type § portiand cement, 3/44nch
maximum size aggregate, ond sand, Two mixes were used, The average
static compressive strength at about 28 days was 5,770 psi for the higher
strength and 3,480 pst for the tove  steength concrete, The average tensile
sphiting strength was £50 pst for the higher steength and 430 pst for the
lower strength concrete. The higher strength concrete was usit mr spec
mens WF 1 through WFS

The longitudhnat rerndorang bors zatesfied the steength requirements
of ASTM Specilication A432 and the ddformaticn requirements of ASTM
Specification A305 56T The average static upper yield stross was 69,000
psi for the ao 9 bars, used 10 tension, and 70,000 psi for the no 7 bars, used
e COMPresson

The stirrups were made from annealedd plain wire which was reemived
0 6 fout straight lengths, The average static yield stress was 30,000 osi, The
wite bad o hinear stress=stran refationship to a well definea proportionel
It at abeut 23,000 psi ond had o tangeat madulus of elastiony of about
29,200.000 pw
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Equipment

Loading Machine. The beams were tested 1n the NCEL blast simulator
which 15 capable of applying a umformly distnibuted static or dynamic load.
Oynamic loads are applied by generating expanding gases 1n the simulator
from the detonation of Primacord by means of two blasting caps  The nise
time is controlled by the holes i the firing tube, the peak pressure by the
amount of Primacord. and the decay time by opening valves which vent the
gases to the atmosphere. A system of baffle plates in the pressure chamber
assists in obtaining umform distbution. Static loads are apphied by admitting
compressed air into the simulator by means of a compressor. A neoprene seal
was placed on top of the beam between the walls of the blast simutator to con-
tain the pressufe.

The design capacity of the blast simufator 15 185 ps1 and the width
between the walls is 8.1 inches. Therefore, the maximum uniform load that
can be applied 1s about 18 kip/ft.

The blast simulator has been discussed in detail by Shaw and Aligood.33
Since that discussion, the blast simulator has been modified to accept deeper
beams, and the op g proced have been changed to retard carbon
deposits.

Supports. The supports at each end of the beam provided a 10-inch.
long bearing plate which was free to translate horizontally and to rotate The
beam was bolted 10 the bearing plate and the beam had a 6-inch overhang
measured from the center of the bolt pattern to the end of the beam, Each
of the two supports contained a 60-kip capacity load cell.

A cut-away 1sometric drawing of the support configuration appears in
earlier reports 14:23

Measurements

Instrumentation. Measurements were taken to study the apphed load,
shear at the supports, effectiveness of the stirrups, flexural benavior along the
span, and motion at midspan, The of the measu are shown
n Figures 22, 253, and 24. The data was gathered, recorded, reduced, and
p!esen(:d by the NCEL Data Tape System which 15 the subject of a separate
report,34

Overpressure. The applied load {overpressure) was measured about
20 inches above the top surface of the beam at three locations along the span,
Pressure transducer PC2 was positioned directly above the center of the span,
2C1 4.inches from the center of the east support, and PC3 4 inches from the
center of the west support. Measurement FC3 was omutted in the dynamic
tests.
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Reaction, The reactions at the supports {forces) were measured by
f0ad cells RE and RW focated i the supports  These force measurements,
corrected for the effects of the 6-inch overhang, were used to determing the
shearing force at the suppotts

Acceleration. In the gy tests only, accelerometer MA was
attached 10 the undpersicde of the beam at midspan to measure the motion
of the beam, The values obtained were 1ntegrated once to obtain velocity
and twice to obtain detlection,

Deflection. Linear p MD was located at midspan to
measure deflection, The fixed part was attached 10 the steel cover over the
blast simulator pit under the beam, and the movable part was spring loaded
agamst the underside of the beam, Also, o rotating drum in conjunction with
paper and pencil was used to corroborate measurement MD, The spring-loaded
pencit was attached 10 an insert in the sice of the beam 6 inches up from the
bottom at midspan, end recorded on paper taped to the rotating drum which
was attached 1o the bottom edge of the blast simulator wall and powered by
an electric notor. In the static tests only, a scale (100 parts to the inch)
oniented in the vertical d.rection was attached with masking tape 1o the side
of the beam at midspan, and a surveyor’s transit with the telescope i a fixed
position was used to read the deflection.

Strain, Surrup strains, WS1 through WS, were measured with one
electronic strain gage at each location, bonded to the wire in the vertical
direction, and positioned & inches trom the top of the beam. The stirrup
strain measurements were used to detect cracking in shear, trace crack prop.
agation, and indicate yielding of the stirrups. Strains C1 through C4 were
measured with elecronic strain gages bonded to the top surface of the
concrete in the longitudinal direction, one gage at each of the four locations.
Strains CS1 through CS4 and TS1 through TS4 in the longitudinal steel were

d with two ic strain gages at cach location placed diametri-
cally opposite each other on the har and wired to form opposite arms of a
Wheatstone bridge circuit. The longitudinal strain were taken
at four locations {1} a distance from the support equal to the effective depth,
d. (2} the quarter point, L/4, (3) the thirg point, U3, and (4} the midpoint,
U/2. These measurements were used mainly 1o study the ductiity along the
5pan and to indicate yiclding and failure at the shear compression zong and
at midspan,
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Procedure

Fabricating Reinforcing Steel Cages. One cage for each besm was
made from the longitudinal reinforcement angd the strrrups using the following
procedure:

1. Samples of the 6-gage wire were tested to determine the material
properties.

2. The wire, received in straight lengths, was formed into box-shaped
stirrups by cutting it to the required length and bending it around
apin,

3. Six wive stirrups were selected and one strain gage was applied to
each, the gage being onented along the axis of the wire and posi-
tioned 7 inches from the top of the stirrup.

»

. The longitudinal steel (no. 9 and no. 7 bars) was {abeled for
identification and cut to the required length.

5. Sefected coupons of the longitudinal steel were tested to determine
the material properties.

6. At two locations on each of the four bars, the deformations were
filed off by hand to prepare the surfaces for receiving strain gages.

~

Two strain gages were attached to each filed location: these gages
were ofiented along the axis of the bar and placed diametrically
oppostte each other, The pairs of gages CS1 and CS3 were on one
bar, and CS2 and €54 were onats companion  The same arrange:
ment was used for TS1 through TS4.

8 The longitudinal steel bars were placed on 3 woaden form which
positioned them and held them firmly in place.

©

The stirrups were positioned and then tizd wath wire t9 the
lonyitudinal steel,

10. Lifting eyes were made from no. 2 bars and were tied to the
longitudina! steel a\ each end of the beam

11, In the final step, the wooden form was removed.
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Casting. Thirteen cubic feet of concrete per batch was made at the
casting site in a diesel powered mixer of 16-ft3 capocity. The weights of the:
ingredients were carefully measured A small quantity' of water was added
if necessary to obtain the specified stump, One batch was sufficient to cast
one beam and six associated control cylinders.

The reinforcing steel cage was positioned in the ste~* form by means
of small hydrostone cubes wired to the longitudinal tars as spacers against
the form sides. Steel sleeves were installed 1o create the holes for the tiedown
belts at the supports. The lead wires from the strair gages were inserted outs
ward through small holes dnilled into the side of the form, Finally, a metal
insert was positioned for holding the pencit which would record deflection,

The beam and six test cylinders were cast by shoveling the concrete
into the forms and vibrating it with an electric probe-type wibrator, Finally,
the top surfaces of the beam and cylinders were troweled smooth,

Curing. The beam and assoctated cylinders were removed from the
forms about 2 days after casting and cured under wet burlap until about 2
days before testing. The burlap was watered once 3 day, 5 days a week.

Preparing Speciinens. The following steps were taken to prepare
each beam for testing'

1. The beam was set out to dry for 2 days.
2. Strain gages C1 through C4 were bonded to the top face of the beam.

3. The sides of the beam were whitewashed to emphasize the crack
pattern which would form during the test.

4, The sides of the beam were lined with black paint to indicate the
tocation of the stirrups and tongitudinal remnforcement.

o

The beam was positioned and bolted on the supports, the assembly
was placed on wheeled jacks, the hifting eyes were cut off, and the
entire bty was wheeled into position in the blast simulator.

[~

. The wheeled jacks under the supports were removed, and the
supports were anchored to the concrete foundation,

~

. A strip of neoprene was placed over the top of the beam to seal the
[ chamber of the blast simul,

8. The rotating drum and pencil were installed.

9 For dynamc tests only, ducer MA was f; d. For static
tests only, the scale for visually 9 midspan def! was
taped to the beam.

10. Finally, all electrical connections were made and the bearm, was
ready for testing as shown in Figure 25.

80

T S e < = -




e a e s e s v v - -

TIOINIAUNS 1321Q TIDN VY SUNIQ JO INIWNPS "GZ 2813

_L.< "

‘sanojoxs

i
i

81




Testing. The varied parameters in the experiment plan were load,

concrete strength, and stirrup spacing as indicated in Table 3. Two concrete
mixes and two stirfup spacings were used, six beams were loaded dynamically
and six statically, The beams can be classified into three groups. group | had
the higher concrete strength and closer stirrup spacing, group H had the higher
strength and greater spacing, and group 111 had the 'ower strength and greater
spacing. Within each group, two beams were toaded statically and two dynam
ically, The beams in group It were designed 10 be underreinforced at midspan
in the efastic range (zone 2 in the theory) and to have a large energy-absorbing
capacity in the inelastic range (zones 4, 5, and 6}, Furthermore, they were

designed 10 be balanced with regard to vielding in flexure and yielding in

shear. In the design, the usable ultimate shear was used to approximate
yielding in shear, Closer spacing of stirrups was provided 1n group | to insure
yielding in flexure and to study the influence of stirrups on ductility in the
shear-compression zone, Lower concrete strength was provides in group [N
to insyre shear failures and to study brittle behavior (zones 1 and 3j. The

ages of the beams at the time of testing were.

Group

In the static tests, a uniformly distributed load on the beam was
gradually and continuously increased to the point of beam collapse of to
the point when the neoprene seal failed to contain the additional pressure,
The uniform load was apphed by admitting air pressure into the blast simu-
lator from an air compressor, The
visually wath an Emery pressure gage of 375-psi capacity. Measurements of
load, reaction, deflection, and strain were r corded with the NCEL Data

Beam No,

WF1
WF2
WF3
WF4

WFS
WF6
WF7
WF8

WF9

WF10
WFI
WF12

Age (da's)

QYL BePY VLY

A

of ¢

(4

Was m(

Tape System at each S-psi increment of overpressure until an overpressure
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of 30 pst was attained: then an increment of 2 pst was used until an
overpressute of 90 psi was attained: and then an increment of 1 psi was
used. At each increment, midspan deflection was recorded on the rotating

drum, and tfarsit reading

of mid Apil,

n were recorded by hand, as

was the overpressure indicated by the Emery pressure gage.

Table 3. Experiment Plan for Series F Tests

Constant test parameters
L« 138 A = 20012 A, = 00567 n2
b * 7000 A, v *20in? E, * 202x10%pu
h « 180in, p * 00182 fyy * 30.000ps
2 = 600N, p = 00109 a = 90deg
d = 15600, E, = 200x10%pu Ld = 879
d . 144, fy = 69,000y b/g = 0446
Nominal Concrete Stirrup
Beam No Load Type* Group No Strength, !; Spacing, s
{ps1) (n,)
WF1 .
WE2 static
1 6,000 3
WF3 .
WF4 dynamic
M e
" 5.000 5
ai; dynamic
WF9
WF10 stat¢
u 3,000 5
WFIt
WF12 dynamic

“ Static test 10ads are 10 be creased siowly from zero to collapss  Dynamic test
10ads are 10 have nise times of 2 msec and are 10 be of 1069 duration wth 3 peak
overpressure of 76 py in the blast simulator,
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tn the dynamic tests, first the firing tube of the blast simulator was
10aded with the amount of Primacord required to obtain the desired peak
overpressure, and the sequence and deray time of the simulator valves were
sel to obtain the desired overprassure decay rate, A blasting cap was then
wnserted in each end of the firing tube and wired to the master controf cir-
cuit. Frnally, a switch was closed to start an electromechanical programmer
which in tuta t1) started the recording equipment, (2} placed a time reference
on the records, (3} placed a calibration step pulse on the records, (4) ignited
the e«plosive charge, (5) controlled the opening of the blast simulator valves,
and (6) stopped the recording equipment, Continuous measurements of foad,
reaction, acecieraticn, detlection, and strain were recorded on magnetic tape.
The rotating drum was switched on and off by hand, and continuous measure-
ments of defiection were recorded on the paper.

After the test, the beam was insperted and removed from the blast
simulater. The transducers were removed, the cracks lined with black ink
for contrast, and the beam was photograpied (Figures 26 through 29).
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Figure 26. Post test photograph of statically loaded beams WF 1 and WF2 and
dynamically fosded beam WF3,

Findings and Conclusions

Accuracy of the Results. The accuracy and precision of expernnents
should be consistent with those of the theary and those required i designs
Maximum efrors in experiment data must be equal to or slightly less than
those of the theory in order to prove or disprove the accuracy of the theory,
but additional accuracy and precision are unwarranted and usually not desir-
able 1n the interest of experiment economy. 10 a similar manner, differences
n agreement between expeniment and theory should be equal to or shightly
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less than the alfowable etror in the designs, and any terms in the theory
giving contributions less than the allowable error should be nmitted in the
interest of economy in design procedure. Accuracy of test results can be
governed by (1) accuracy of measurements and precision of data reduction,
{2) controls over specimens, and (3} controls over testing.
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Figure 27, Post test photograph of statically loaded beams WFS and WFS and
dynanvically losded beam WF4,
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Figure 28. Post test photograph of dynamcally loaded beams WF7 and WFS
and statically tosded beam WF9.

The accuracy of measurements and the precision of data reduction
are shown in Table 4, Stiderule accutacy in computing calibration factors
and preciston resistances during pre-test calibration governed the accuracy
of each channa! of electronic instrumentatica. Therefore, in each case, the
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estimated error 15 £2% of full scale. The system accuracy, including noise
fevel, 51d transducer accuracies were much better. The precision with which
the analog-to diqital converter digitized the data was 1 part 1n 939 parts at
band edge. Thus, in the case of force measurements where band edge was
set at 8O kips, the estimated error is £0.1% at 80 kips or £0 08 kip. The
scales used in conjunction wath the telescope and the rotating drum were
both 100 parts per inch, but additional error is estimated fof ptay i the
spring-toaded pencil which recorded on paper taped to the retating drum,
Measurement of time on a given channel was very accurate (1/10%), but
the coord bet: various ch. Is had a constant maximum error
of £1/2 msec which gives only fair comparisons between values on one
dynamic test record and another when values change rapidly wath time.
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Figure 29, Post test phatograph of dynamically losded beams WF 11 and WF12
and statically loaded beam WF 10,

The controls over specimens are listed 1n Table 5. These controls

represent ability, in the faboratory, to fabricate the beams as intended, The

timated errors d with di ns, proportions, and weight are atl
within 4.2% except the effective depth to the compression reinforcement,
d', which is 8.7% This least accurate dimension is of hittle importance in
the theory for shear up to the pomt of usable ultimate shear, and then it
is very important in ¢ g bend C 1n the shcar compression
zone. The flexural resistance in the lheoty 1s more dependent on the moment
arm, d - @', which has a maximum efror of only about 1%, The matersal used
33 stirrups was purchosed by spectal order to guarantee accuracy, and tests
showed no more than 5% error in yield strength - On the other hand, tests
on longitudinat reinforcing steel coupons and concrete control cyhinders

revealed strengths above the nominal strengths up to 26 and 28%, respectively.
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For that reason, the strengths obtained in the tests on materials were used as
nput to the theory instead of the nominal strengths in order o achieve con-
sistent accuracy, If the average valucs from the tests are substituted in place
of the nominat strengths, the errors are as follows.

Average Maximum Maximum I
Parameter Measured Value Eeror Percent Error
{psit (ps) (%)

fy 69,000 42,900 442
fy 70.000 +5,600 N 480
" 5,767 «247 -129

¢ 3478 -458 -132 .
€ 454x10% -038 x 108 -84 | T

¢ 352x 109 -029x 108 -82

The poorest control, then, over specimens was in concrete strength with a
maximum etror of 13 2% obtained from tests on 36 cylinders, and concrete
strength is a domil p ter throug the theory  Therefore, in com-
paring results of vanious tests in the experiment plan, better than 13%
agreement 11 stress dependent parameters cannot be anticipated. Thisss
consistent with required design accuracy if a capacity reduction factor, ¢,
of 08515 used

The controls over testing are histed tn Table 6  These are also
consistent with other sources of error except for the controf over rise ime
n dynzmic tests. Impulse is the only dominant parameter directly dependent
on rise time, 50 computed impulse errors bised on overpressure and tise time '
are given at 10 msec and 15 msec, the bovndanies of the: ume interval over
which most criticat events were predicted. The impulse error in percent
decreases with time after the rise time a+d was only 8 2% at 10 msec  The
eerors assoctated with controls over $1a ic tests were: all less than 2%,
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Tables Controls Over Specimens

Paramater Value Error Percent Ecror
(%} A
Oimensions X
[N 138in, £1/8m, 201
b 7in £1/16m $09
h 18in, /160 403
z Gin, £1/16in. 10
d 15691, 21/16:n. 104
d 1.44n, £1/8mn 87
3mn £1/8in 142
: 5. £1/8:n 225
[ 90° £050° 06
od 1098102 21402 £13
A 20012 $001in? 05
A 1.20in? T 200tn? 108
A 00567102 0000170 2 103
Proportions
wd 879 0044 205
[J 00182 $000033 18
P 00108 $000023 221
000270 £0 00015 354
Ao 000162 2000006 £37
Weight
P 150 1b/1e3 416/t 127
w 1.641 10 166 1b 240
Material 2roperties
fy 60.000 psi +11.900 por +198
1y 60.000 13 +16,600 psi 4260
+800 pst €27
oy 3000y “1500ps -50
¢ 5,000 pst +1,330 08 4266
< 3.000 p3t 4830 pse 4217
E, 20 x 10% py 21 103 nq 14
E, 29x 10% psi 11x10% s 134
e 42x 108 psi 08 10°% psu 1190
¢ 33x10%ps 206x 10%pss $180
g e p 633«,‘7
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Table 6. Controls Over Testing

Parameter Value Error Percent Error
%)
Static Loads *

Overpressure 100 ps* t1psi 1.0

Load width 8.1in, 2005in, 06

Uniform load 8101b/in. 213.2ib/in 1.6

Load length 1501, t¥/din 02
Totat toad® 121 5 taps £218 kips 18
Total load® 123.1 kips 42 25 kips 18

Oynamic Loads

Overpressore. 76 8¢ t4pa 53
Load width 8.1in, 2005in. 0.6
Uniform load 615 1 1bfin, +36 41b/in, 59
Load length 150, 1/4in. 02
Total losd® 923 kips 562 kips €l
Rise time 2msec 206 msec 25.0
Impulse at 10 maec” 684 psi-msec 256 £t msec 82
Impulse af 15 moec’ 1,064 psi-msec 276 ps-msec 71

# Approximate overpressure required to cause yrelding of the longitudinal
tension steel at midspan

? Includes Ioad on averhang. but excludes beam wewght.
€ Includes load on overhang and beam weight,

¢ Approximate overpressure required to cause flexural fadure in group I,
neglecting shear,

¢ Most of the critical events were expected to occus during the time interval
between 10 and 15 msec.
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Summation of vertical forces in static tests was used to confim the
accuracy of results in regard to forces  The poorest agreement between total
load and total reaction was in test WF6, and the results at 10-pst increments
of 1oad for that test are histed in Table 7, The largest difference of 4.3 kips
was within the maximum difference anticipated (4 8 kips), and 1t was less than
4% of the corresponding load  The poorest agreement between the est and
west reactions was in test WF 1, and the results at 10 pst increments of load
for that test are histed m Table 8. The agreement between total load and total
reaction 1s very good, and the difference between the hatf load and t™e reac
tions is consistently 2qual in magnitude and opposite in sign. These data show
that friction in the rollers of the support can provide enough rezisting moment
to shift 3 kips from one support to the other. This lack of control over testing
15 betieved to be less in dynamic tests where sudden Inading shou'd help to free
the rollers

Loads and Reactions. In two static tests, the beams (WFQ and WF 10)
were loaded until they coilapsed in shear as can be seen 1n the post-test photo-
graphs (Figures 28 and 29). In the other four static tests {WF 1, WF2, WFS,
and WF6), the neoprene seal failed to contain sufficient pressure to permit
loading to the point of collapse, but the advanced stages of shear cracking
evident in the photographs {Figures 26 and 27) indicate that collapse was
nearly achizved. The maximum loads apphed were

Qverpressure Total Load
Beam in the Between .
No Simulator Supports Remarks
{ps1) {kips)

WF1 105 nz Leak in neoprene seal
WF2 100 12 Leak 1n neoprene seal
WF5 10 n3 Leak i neoprene seal
WF6 102 14 Leak 1n neoprene seal
WF9 93 104 Shear collapse

WF10 96 107 Shear collapse

Agreement between the predicted and measured reactions over the
full range of static loads was excellent. Typica! data s shown in Figure 30,
whuch is a plot of predicted and d ions with respect to load for
static test WF6  Thus test had the best agreement between east und west
reactions and the poorest agreement between the average reaction and the
predicted reaction, A static overpressure in the blast simulator of 90 pst
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Figure 30. Reac{non at support, beam. WF6G.

s ©
corresponded to 3 total load between supports of 100 6 kips, aload on the
two overhangs of 10.2 kips, and the predicted reactions at the supports for N
that load were 55.4 kips. The measured values were:
‘
!
Beom Reaction, Ry {kips) [
No. East West Averagy E ’
B 1
WFt 595 520 55¢8 '
WF2 4.3 514 538
WFS 584 52,1 552
WF6 533 534 534 ®
WF9 551 543 4.7
WF10 569 551 60

A bad lot of Primacord was responsible for the undertoading of the
beams in the first three dynamic tests (WF3, WF4, and WE 7). The other
beams were ioaded as intended. Because of this lack of control over peak .
overpressure, the load measured in the tests was used 25 input to the theory
instead of the nominal load to achicve consistent accuracy {Table 6), This
deviation from the experiment plan {Table 3) made peak overpressure a
variable rather than a constant in Serics F; it limited the comparisons that
could be made between tests with regard to stirrup spacing and concrete
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strength, bat at the same time made possible some comparisons with regard
1o peak overpressure  None of the dynamically tested teanss collapsed, but
all did yield at midspan, and the advaniced stages of shear cracking in WF8,
WF 11, and WF 12 (Figures 28 and Z9) indicate that collapse 'as nearly
achieved.

Figure 31 contains 3 plot of foad with respect 1o time for dynamic
test WFB, Data points in ihe figure labeled “ioad measured™ were obtained
oy mult’plying the average of the two overp-essure measurements by the
scan length (138 inches) and the distance behween the simulator skirts
(8.1 inches), The parturbation during the rise of the 1oad at about 40 kips

" is due to the pcor time coordination (2 1/2 msec) of the two overpressure

records, 1115 not due 10 irregularitics of the loxd or poor response cf the
transducers, because the dverpressure rezords were ““clean’ and “‘responsive™
when studied indepencently. The dashed line in the figure labeled “toad
predicted” is an equivalent load with a linear rise of 2 msec and a constart
peak value, The peak vafue was obtained by ting the ises of the

P

‘measur2d and equivalent 10ads out 10 the measured time of maximum

defl ction. The cquivalent load was then used as input to the theory, All
dynamic loads had characterstics similar to the cne in the figure. The loads
applied were:

Total Load Between Supports
Beam 3 (kips)
No First Maximum First Minimum Equivalent
! x After First Maximum Maximum
WF3 668 56.1 65.3
WF4 67.7 625 634
WF7 ne 59 626
WF8 86.1 85 811
WEN M4 739 7.8
WF12 . 703 76.7
93
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Figure 31. Load and reaction ve-sus time, beam WF8,

Figure 31 also contains a plot of the reaction at the east support with
respect to time for dynamic test WF8. The line in the figure labeled ““reaction
predicted” is the locus of points obtained from the computer code using the
equivalent load and m d matersal gths as input. The dynamic reac-
tion at the support was computed after each time ncrement by simply adding
the weight of the overhang and the load on the oyerhang to the shear at the
support as obtained from Equation 15 in the theory.

R, = V, + pbhz + 22 73)

where R is the reaction at support in pounds The data points labeled

d” were d by the load cell in the east support«
Some of the disagreement b d and computed values is due
to unsymmetrical modes and other modes of vibration not accounted for
in the theory. f the average values of the east and west reactions are plotted,
these effects are partly filtered and agreement is shghtly |mproved as shovmn
in Figure 32. Most of the app disag tis experil | data inaccy«
racy due to the poor time coordination between records (¢ 1/2 msec), and a
tittle is due to error in measuring the reactions {¢ 1.3 kips), Thus, errorsin
the horizontal direction in the plot appear greater than in the vertical direc.
tion, and errors appear greater when the reaction is changing rapidly with
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ume. The Iimits of these maximum errors are also shown in the figure, With
12 msec subtracted frora and 1.3 kips added to each measured data point
agreement is almost perfect except for the first few milliseconds and 3t times
near 10 the time of maximum deflection During the carlicr times, the dis
agreement is due 10 poor control over fise time a1d thus the impulse and i@
the first few modes of vibration above the fundamental mode. During the
later times, the disagreement is probably due 1o accumulated ersor in the
numerical integration and fess accurate theory in the inelastic region of
response, The best agreement occurred in test WE 7 (Figure 33) where there
was no disagreement outside the imits of experimental accuracy for times
from 6 5 msec to the th cal time of detlection (13.7 msec)
The ag b predicted and d reactions 3t 10 msec

was Important because the usable ultimate shear was predicted 1o exist about
that time, the earliest time predicted was 7.75 msec for test WF12, and the
fatest was 11,75 msec for test WF4, The reactions at the supports at 10 msec
in the various tests were:

The random nature of the percent differences between tests indrcate the
disagr is due to exper | ereor and/or higher modes and Aot 1o
the predictions, These data show that the theory predicted the shear at the
support very well at the time of usable ultimate shear. The largest ditference
between the east reaction and the predicted reaction at 10 msec wes 5.2%
and octurred in Beam WF8 (Figure 31).

Detiection at Midspan in Static Tests. Comparisons between static
test data obtained from the linear potentivmeter and those obtained from
the scale were used to confirm the accuracy of results in regard to deflections,
The pootest agreement occurred in tests WF2 und WF9, and the results at

97

Percent Dulference
o | s, | S
"y Measured Values
€ast | West | Average | Predicted | ™™ P'mg:;” Values

WF3 499 467 483 508 452
WF4 511 46.1 486 491 ¢ +10
wer | s00 | 487 404 484 20 .
“WF8 592 57.9 586 623 +63
WFI 606 885 596 883 =22 «
WE12 605 597 601 603 +03
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10 psi increments of load for those tests ore histed in Table @ The Targest
ditference of 0 07 inch was within the maximum difference anticipated

(0 09 inch), and 1t was about 10% of the corresponding deflection, The
largest difference in test WFQ was less than that of WF2, but the percent
difference at low overpressura was very large. For instance, at a foad of

50 pst, the dafference was 0 05 inch, 16 7% of the corresponding deflection
(0 30 inch). And agreement was even worse at lower deflections. These

data indi that fons vre d by the fucer
with suitable accuracy, but deflections less than 0 20 inch might not have
been adequately measured,
o T T
- — Predicted values J I
©  Aversge messured value (east and we;t)
% 60
H
' 50
- hinut of expenimental accuracy 4 /
§ © (05 mec: 1 3308} I AT A Rar )
/, g
a 7/
Y - A S et of exper accuracy
: p40 5:. ./ 40 5 maec, +1 3 kips)
in Lot T ——
[ /‘( ! theoretical 1me t0
10 el
. ,' 7 {negiecting fasture} ——sgu
dnnateel | I
0 4 S 10 11 12 13 14 15
Time (meme)

Figure 32, Average reactinn versus time, besm WFB,

Figure 34 shows the agreement between predicted and measured
values of detlection at midspan with respect to load for static test WF6,
This test was chosen as an example not because 1t had the best or werst
agreement, but because it was the same test used as an example in discussing
reactions at the supports. The agreement in the other static tests was about
the same, The data points labeled “measured deflection” were measured
with the transducer, and the line fabeled “predicted deflection” was obtained
from the theory using Nossetr’s method of predicting the spring constant,
This excellent straight-line fit to curved data confirms the superiority of
Nosseir's method.
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Motions at Midspan in Dynamic Tests. The most accurate measure-

ments of moxi flection at midspan in dynamic tests were made with
the rotating drum with pencul and paper (£0 03 inch), but the drum did not
record the time to The deflecti —t me histortes with the most

accurate times'to maxi deflection were obtained by ¢ us and
time-coordinated measurements with the linear potentiometer (£ 0 5 msec,
+0 08 inch), and histories were also obtained indirectly by twice integrating
the acceleration measurcments using 1/4-msec increments, The maximum
error accumulated with the square of time in the integrations (£ 0 5 msec,
+0.0016 in./msec?). The integrated accelerations were the more accurate
from 0 to about 7 msec, and then the directly measured deflections were

the more accurate,

The maximum deflections and times to maximum are hsted in

Table 10. Beam WF8 was in group 11, was loaded with just slightly more
than the desired dynamic load, yielded in flexure, and deflected ‘well into
the inelastic regime. The shear crack was well developed as can be scen in
Figute 28, the beam d.d not collapse, and there was no disagreement between
measured and predicted maximum deflections, Beam WF 11 was in group i,
the group with lower concrete strength, was loaded with the desired amount
of load, also yielded in flexure, and also deflected well into the inelastic
regime. 1t behaved similarly with 2 well developed shear crack {Figure 29),
no coll; and no disag! d and predicted maximum
deflections. Beam WF 12 was a companion to WF 11 and received about the
same amount of foad. s behavior was different in one respect; tne shear
crack opened enough to cause a large shear deformation (Figure 29). There-
fore, the measured maximum deflection was about 20% larger than the
predicted maximum due to the shear deformation contribution which is

not accounted for in the theory. Any beam designed to function this near
to shear collapse would certainly not have strict deflection criteria, so this
error in predicting maxi deflection is considered consi: with allow:
able errors in designs. Beam WF7 was a companion 10 WF8, but it received
less load than intended. It barely yielded at midspan, and although the shear
crack propagated 1o the levet of the compression reinforcement, it did not
open far (Figure 28). The residual deflection was small, and the predictions
overestimated the maximum deflection by about 17%. Beams WF3 and WF4
were in group 1, which had the closer stirrup spacing and higher concrete
strength, They were underloaded, as was WE7, and they also just barely
yielded in flexure at midspan, Here, t00, shear cracks developed fully, but
shear deformations were small (Figure 26). Resadual deﬁecuons were also
small, and pred d the deflection by about 24%
in WF4 and 32% in WF3
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Thess data show that in predicting maximum deflections the theory
is conservative in the elastic regime, accurate threugh a large part of the
inelastic regime, and unconservative near shear farlure when the shear com:
ponent of Jeflection becomes large. The conservatism in the efastic regime
15 due manly to damping, most of which is not included n thie theory; the
conservative error dux 10 damping s then compensated for at a later time
by the unconservative error due 1o the dunging deflocted shope: of the beam,
The change in shape is due 1o hinging both at midspan and the shears
compression zone. These dats show that when defiection critena are used
1n'design, the beams can be designed to respond to 100% of the allowdb.fe
deflection.
Predicted times to maximum deflection were carlier than measared
values in all of the dynamic tests  However, the errors exceeded 15% onty
in the two tests of group 111 where the beams responded into the inclastic
regime near to the point of collapsi: 1 shear. Besides, time would stldom,
if ever, be used as design cnteria,
The maximum acceleratrons and velocities are histed i Toble 11,
The theory consistently undercstimated the maximum aceeleration and
o ated the vefoaty, Thesmtial high peaks in the acels
eration date were expected and are due L0 high modcs of vibration in the
-beam and also in the transducer, Since they are of short vuration, they

have only a small influence on velocity and detlection, However, when
acceleration cnterid are used in design, the peak accelerations in the beams .
should be considered; therefore, the beams should not be designed to respond
above 50% of the allowable acorleration, The maximum velocity, which
occurs later when the dcorleration s zero, 1s fess than predictid matnly
because of damping components not included :n the theory, and partly due

1o conservative approximations of spring constent  Thew: Lonservative approxs
mations occur at early times in dynamic respomse Just as they do under smalt
amounts of load in static response (shown 1a Figuee 34)  Thus, when veloaity
criteria are used in design, the beams can be desianed 1o respond to 100% of
the allowable velocity.

Sample detlection, acorleration, and velicity data are plotted i
Figures 35, 36, and 37, respectively - Agaimn, WF81s uscd as the exomple
S0 that the tuader can associate the plots wath those for oad und resction
{Fiqures 31 and 32). ,

The predicted deflector plotted in Figure 36 ofonyg with measured
data points obtained ditcetly from lioeat potentiometer megsurements and
wgirectly from twict: integrating acceleromuter measurements. The moving
patt of the potentipieter, wineh was pring loaded o prevent damooe to
the nsteument, boanced away from e beam upon sutral 10adiog for § msec
aned thesteeganicd contact This « aserd oty anomaty of no consequence since
the iilergratisd b celetation dute was e more accurate during the first 7 msee
IOYWLY
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The acceleration data plotied in Figure 36 show that the time lag is
nearly constant; the maximum acceleration, zero acceleration, and maximum
deceleration were all predicted about 1 msec early. If the data were time

djusted by that ., ag would be very good.
The predicted velocity is plotted in Flguw 37 along with the data
points obtained by integ g the [ The himits

of accuracy of the expcumental data (20 5 msec, £ 1.6 in /m/msec) are
pl d also The amphitude of the predictions is within experi
accuracy, but the pmod is a Iittle short, and the maximum value is about

3/4 meec early,
Baams WF 3 and WF4 were companions and recerved about the same
of load. | ion of the defiection records obtained from the

rotating drum revealed that the brams deflected about the same amount,
ond inspection of the deflection rocords for WF3 obtained from all three
methods of measuring deflection indi that the e gave low
values in test WF3. Thus, at least sume of the disugreement batween mea-
sured and predicted velocities in WE3 (Table 11) was due to error in the
measurement,

Sheer at Support. In the theory, the sheanng force and resistancy at
the support ate the basis of comparison in datermining the occurrence of
cortain cutical events. Unfortunately, the sheating force could not be mea:
sured directly in the experiments. The next best thing was to measure the
reaction at the support and cotrect 1t foe the: effects of the overhang. Thus,
shear data was obtainzd by subitacting the load on the overhang and the
weignt of the overhang from the: reaction. Since the overhang was short
(6 inches), the inertia of the averhang was neglacted, ard the correction
w5 no more thin 10% of the shear upon occurrence of any critical event,
Errors in making this conversion are believed 10 be less than 1% of the shear,
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Sheer Cracking. Shear cracking was predicted and did oceur in all of
the tests. The measured and predicted values of the load and the shear at the

SuppOrt upon shear cracking for each of the static tests are listed in Table 12, *

In generat, the data show that predicied values were withimn ur near to the .
confidence hmits of the exp data, and the agreement between
experiment and theory was within 15% The only difference exceeding 15%
was a conservative diff (18%} b the predicted and d
shear in WF2, Considening ali of the data in the table, the maximum uncon-
servitive difference was only 4%,

Table 12, Loads and Shears Upon Shear Cracking in Static Tests

Cracking Load, P Cracking Shear at Support, Vg,

Beam
No. | M Predicred Orfference Predictsd Difference
tkips) {kips} Kops | Percent (kips) {kns) s | Percent

WF1 0:9 52 +2 4 222 27 -2 -7
WF2 | 61:4 52 9] -8 322 2 41 -8
WFS | 52:6 st -1 -2 D2 p..] -4 ] -13
WFS | 4822 50 +2 4 %22 ]2 + +4
WF9 | 4615 L 61 -13 2:2 2 -1 -5
WF10 | 4223 2 0 0 2442 2 -2 -8

The measured and predicted vatues of the time and the shear at the
support upon shear cracking for each of the dynamic tests are fisted in
Table 13. Predicted values of both time and shear were conservative in all
of the tests. The differsnces betweon measured and predicted sheaes rangud
from 11% in WF 3 to 36% in WF 12, The conservatism with regard 1o WE7,
WFB, WF 11, and WF 12 was at least partly due 1o the upper limit of 1.74
applied to the increase in dragonal tension strength. {Sec Equation 31.)

The data from the static and dynamic tests indicate thut a capacity
reduction factor of 0.85 would be adequate in design with regacd to shear'
cracking,

Shear crock formation was detected by the strains in the stitrups,
straing which were small prioe 10 cracking and increesed rapidly when the
buam cracked in shear, The strain i the adjacent stirrup when the shear
crack forms was esti d with the ptions that (1) the diagonal tension
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stress trajectory in the concrete was ofiented 45 degrees from the axis of the
sticrup, (2) the moduius of elasticity of the concrete in tension (E,) is 3 x 108
psi, and (3) the m:d-depth Jocation of the strain gage is sufficiently near to
the crack. The elevation of the strain gage is not a problem for two reasons:
(1) the crack propagates 10 mid-depth mstantaneously for practical purposes,
and (2} upon cracking, the strains become distibuted somewhat evenly over
the stirrup length instead of bemng Jocalized  The tests on contro! cylirders
associated with WEZ determined the tensile strength of the concrete (f,) to
be 575 psi; therefore, the strain in the concrete in diagonal tension upon
cracking (e;) in test WF 2 was approximately

LG m
‘B 3x 108

* 192 x 10°%in./in.

and the correspondng strain in the stirrup was approximately

€, = ¢ 5nd5° =

-4
i",‘v%g—' * 138 x10°% in.fin.

This can be expressed as percent strain as follows:
¢, = 0.0138% °

The strains in the stirrups in static test WF2 are plotted in Figure 38,
and the strain at which the shear crack formed (computed above} is also
shown in the figure. The measured cracking load data given in Table 12 was
obtained from plots like this one, and the confidence limits given with the
data were based on estimated accuracy in measuring strain, estimating the
strain 3t which the shear crack forms, and load application. The confid
himits tend to be narrow. . when the slope of the plotied hne is greater. Only
two anumalies occurred in the 36 stirrup strain measurements made in the
static tests. One of these, strain WS6 in beam W6, can bie seen in Figure 39,
Tins could have been a bad strain gage, but close examination of the data
seveals that it could have: been a damaged stierup, perhaps damaged during
casting of the beam  In analy2ing this data, the shear crack formation was
presumed to be detected by steain gage WS3,  The other anomaly was sim:lar
in chatacter, but much smalies in magnitude,

Strain oy ¥ /S5 i dynamic test WF11 did not produce a muanmglul
rixcord: the other 84 strain 408 10 dynamic tests produced good
with no anomahcs, Tl straing in lh(.' stirrups in dynamic test WF8 are
plotred in Frgure 40, and the strain at which the shear crack formed is also
shown in the figure, The dynamic increase in tensile strength was accounted

o o ookl < i ne W

ol v = et sl s rpeneme o <l
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for in estimating the strain by (1) assuming the modglus to be 3 x 108 psi,
{2} using the siope of the strain—time curve averaged over 1 msec as the
strain rate, {3) computing the approximate stress rate from the strain rate
and the modulus. {4) entenng the plot in Figure 19 with the stress rate and
ining the dy ic coefficient, C,, and then {5} applying the
coefficient to the same method used for static data as described above, Thus,

’ ' Coey .
€, = Cie oinds? = Win./in.

The measured times of cracking given in Table 13 were obtained in this
manner. .
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Table 13, Times and Shears Upon Shear Cracking in Oyndnic. Tasts

Tames ot Sheat Crack sy Cr abauma Show at Sugasrt Vo .
Beam T f
No | womurp | vedctes | O | aisicea | reperen [ BT i :
trrsec) {mwc) P (i T FLTEM K Pwrm! t
wes' | 7902200] 726 |om] a3 ] we 310 3| -109 1
wea [ ameirs| 750 25 .1a3 | e0a ¥3 wi | 200 3
w7 liososom] 7050 1.300) 286 | a2 | 3z [.74] -3sa £
win [ 8smzom] 62 |.200| a2 | ms ma at)] .a0s &
WE1s 175807 6.00 175 226 are 216 142 § 340
Tweiz | 12520m] 575 || 207 ] a2 272 {-m3] 30
H
|

The strain gages which detected shear cracking in the beams were

)

Stat Test No, Gage No Oynamic Test No Guge No

WF1 ws2 WF3 ws3

WF2 ws2 " wrs ws3

WF5 ws3 WF? Ws3

WF6 Ws3 WF8 ws2 )
© wWig WS3 WFIL ws3 ‘

WE10 Ws3 W12 wsd .

Thesi: data show that the erack instiated at about the same focation 1o o of

the tests, ond that the initiclion pOInt was NOL very sensitive 1o changes W ;
foading rote. ]

The vertical position ¢t the Imtation point was assankd 1o be between .
thie vl of the bngion reinforcerneat and e midhaighit (8/2) of the beam. ' !
Therefore, the distances from the center of the support to the main shear - ;
QXN ot both these bvls were measurid with g tape oftor testing, and it \ f
10 UTCIents we e qompared with th distaniors to the critieal seetion (k) . i
predicted s the Haory  The tmeasored and prdicted valies cot b seen §a

Tobl 14 The predhictest values ane betwes st measared volues for four of
11 o0 static sty arg three of the st dy san tsts, The vafoes ouside are
vot tat The pesficted valties wets also comgrated with averags valties of the
ey e st ats, Thas wias done 16 detea L treads e difforences hotwexa
stalie attd ey tonne bebavion, Tha acoutaCy i precsion was oboat 0 ¢ &
st e Bor static Weats andd -6 ¢ 3 inches for dypamie tests The datam !
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dynanmuc tests are Just as precise as in static tests, but the agreement between
experiment and theory 15 not as accurate, predicling distances 5 inches shorter
than megssured.

Usable Ultimate Shear. Tte beams were predicted 1o respond beyond
the usable ultimate shear i ali of © e tests, and the usable ultimate shear was
reached n all except WF3, Beam V F3 was in group |, which had the higter
concrete strength and closer stitrup spacing, was tested dynamically, and wes
underioaded. The stirrups in tension and CONCEELE 1N COMPIESSION (emaned
elastic.

The measured and predicted values of the load and the shear at the
support upon reaching the usable uitimate shear for each of the static tests
are listed in Table 15 Agrecment £ tween expenment and theory was within
15% cxcept for WFS where the predictions were very conservative (37°% with
regard to shear), Considering at of the: data sn the table, the maximum uocon:
servative ditference was only 6%.

Table 14, Distances From the Supports 10 the Critical Sections

Distance, x¢ (in.)
:;1 Messured
N Predicted Difference

T [

Static
WF1 16 2 19 14 -5
WF2 1t 16 14 15 +1
WFS 8 2 15 15 0
WF6 9 u 16 15 -1
WF9 7 16 12 17 +5
WwE10 ] 19 " 16 +2

Oynamic

WE3 18 2 18 12 -
WF4 ” 22 20 , 12 -8
WF7 13 a 18 12 -6
WFS 1 2 18 13 -3
WF11 10 a 17 14 -3
WF12 16 <] 2 “ -6

4 Memured at e flevel of the tension remforcement,
# Mossured at midherght of the beam (N2,

12




Table 15. Loads and Shears Upon Reaching Usable Uttimate

Shear in Static Tests
Usable Ultimate Luad, P, Usabhe Uitimate Shear 3t Support, Vo,

Heam

No. | Messurad | Prodicrua o Mossured | Prodwied ot

ws) [T Xurs | Percent | 99 tkups) P

WEL @23 %0 73 29 a“l xn3 58| -132
wk2 L 743 51 -84 a7 o ~37 49
WFS 83 842 - [ -7 523 xR9 ~194 ] 311
WF6 65 35 20 +32 09 xres +7 %S5
wF9 a9 539 90} -143 RS 78 47| -145
WF10 %6 537 59 99 314 Fid 28 89

The measured and predicted vatues of the time of usable ultimate shear
and the usable uitimate shear at the support for cach of the dynamic tests are
tisted in Table 16, The dynamic usable ultimate shear resistance was prodicted
just as precisely as the dynamic shear cracking resistance, and even @ little more
accurately, The difference b and p 1 shears ranged from
an unconservative 6% in WF 4 to a conservative 29% in WF8

The data from the static and dynamic tests indicate that a cupacity
reduction factor of 0,85 would be adequate in design with regard to ysible
ultimate shear,

The usable uiti shear resistance was 9 d by yielding of the
stirrups 10 all of the tests, and not 10 dowel farfure  Statically tested beams
WEQ 5nd WF 10 coliapsed in shear, but at loads about 40% highet than the
usable ultimate. The strains in the stierups in static test WF2 are plotted in
Figu-v 38, and the yield strain (0.103%) 18 shown also, In the plot of stirrup
strains for dynamic test WFB (Figure 40), the dynamic yreld stram is shown
for vach of the sticrups. The dynamic inctease in stirrup yield steain was
accounted for by (1) using the slope of the strain—time curve averaged over
1 msec as the strain rate, (2) entening the plot i Figure 17 witn the strain

rete aind the static vield stress und obtaining the dynamic increost: cocfficient,
C;. und {3} awplying the covfficiont to the static stean as follows

€y * Cae,, = 0.103C, %
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The stram gages which detected usable uitimate shear were

Static Test No Gage No Dynamic Test No Gage No.
WF1 WSt WF3 -
WF2 wst W4 WS3
WFS WS4 g wk? WS2
WF6 T ws3 w8 ws2
WFQ wsi WF11 WS3
WF10 ws2 WF12 Ws3

No guge 15 histed for test WE3 bocuuse the stitrups remained elastic in that
test  The data 1 the tuble, along wath the data 1o 2 similar table in the dis<
Ccussion obout shear cracking, suggest the existence of at least two major
shear cracks with the inboard vne starting first, shear cracking, and the
vutboard ooe domingting at ultimate shear, The two cracks may join in
the upper port of the beam as in the case of heam WF6 as can be seen in

Figure 27,
Table 16. Times and Shears Unon Resching Useble Ultimate
Shear in Dynemic Tests
Tirmw of ubin Uitimate Siwar Unabie Uitemate Shewr a1 Support, Vi,
Boum .
o | Mesarnd | preticomn | OTOIE | ey | raticreg | Dittorence
frvwch treaac) e | ' LY won Kun | Perownt
wE3 v 1077% . [ L MS L] '
wFa w0 u» Q8| W2 0.9 538 +30 L 1)
wF} 1450 [ 3,1 % | -2 82 “s 27| -222
wFa 1% 200 -3% | 304 Qo “us 194 ] 202
WEit 1000 00 »200 | 200 L 1) a“as 154 | 270
wF12 M m ~200 | -208% o3 as 148 | 288
¢ S1vrrums remanatt asiic
114
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Flexural Yielding. Theoreticat data for flexural yielding at midsoban
were calculated for alt of he beams, even though some of the beams were
predicted to fail in shear without flesural yielding. The theoretical and
measured loads and shoars upon flexural yielding in static tests are hsted
in Table 17, The agreement w s excellent, The largest diffetence between
experiment and theory was 7% in regard to load in WF5, The theoretical .
and measured time of flexural yielding in dynamic tests and the shear at
that time are fisted in Table 18, These data are less precise than the stauc
data, but on the conservative side. The largest unconservative difference
was only 5% in regard to shear in WF 12. The theoretical times to fiexural
yielding were early, as was the case in all the dynamic data, and the sheats
were very conservative (30% in WF 3}, as were the velocities and definction,
in the underloaded beams of group |, The reasons for this conservatism
were given i the discussion on motions at midspan.

Table 17, Loads and Shears Upon Flexural Yielding st Midspan

n Static Tests
Load Whch Produced Shear st Support Ypon
Figxural Yieiding at Midepen Flexurat Yickhing at Mudspen

L

No, Measrad Differance Mossured Ditterence

ikign) kipet Kiow | Pwrcent | 0PV s} oon | Berount

WF1 1136 118 Hs | 93 03 ne -9 »32
WF2 1089 vo7? 8| 448 547 582 NS 1 27
WF$ torn.} 1348 o7 0.2 56.6 9.2 418 29
we 122 183 +3 21 5.0 584 +341 62
wF9 . 122 ] . » 9 » »
weiof 1068 | 103 feas| a3 | saod | sao | 20| o2

¢ Cottatnaat 1n et without yaidg ol mucdsan Unde a foud of 103 7 ks,

'Wmmmlmw-ﬂmﬁqammnowm force at the
Wport reached 52 4 kun

€ Collateed 1n shear unciur 2 laud of 106.1 hun St Shorthy afted yesiding w Heauwry

‘C-uun-s W 900l when the sher g 10r 5w 4t the Jupart resched 54 2 ks just
Pwrtly alter yuriing i tieaurs,
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Sheer Yielding. Shear vielding occurred as predicted by yielding of
the stirrups in all of the static tests. Therefore, shear yielding comcided with
usable ultimate shear, and the values in Table 15 apply 1o shear yielding as
well as to usable ultimate shear, The strain gages Jocated at the quorter point
and third point along the span on the concrete, compression steel, and tension
steel indiated that yielding did not occur at those locations  However, the
beams were not loaded to collapye i four of the tests, and lurge sirams in the
concrete mdicate that yielding might have occurred 1f additional load had been
applied.

Shear yielding was predicted 10 occur by yielding of the shear
compression zone in all of the dynamic tests. Thes did not happen. Shear
yielding did 60t occur at all in WF3 and occurred by yielding of tlie stirrups
in the other tests, Therefore, shear yielding comcrded with usable ultimate
shear, as 1t did 1n the static tests. The shear-compression zone yielded in tests
WFB, WF 11, and WF 12, but a short time after the stirrups yielded

Theoretical and experimentat distances from the center of the support
10 the sl ear-compression zone {x,} are presented in Table 19, The experimen-
tal distances were measured at the level of the compression remnforcement,
Agreement was poor, and static test agreement was no better than dynamic
test agreement. The distances could not be measured accurately because the
cracks were nearly horizontal at the luvel of the compression reinforcement,

and local conditions adjacent to the steel bars probably influenced the pattern
of cracks.

ln summary, shear yielding predictions were accurate in the static case

and conservative ity the dynamic case. This is consistent with, flexural yielding
predictions which were also accurate in the static case and shghtly conservative
in the dynamic case. The conservatism in the dynamic predictions with regard
to shear was greater than that with regard to flexure: therefore, the lhwrv
contains some safety in msuring the develop of the ultimate fh

resistance of beams, and premature shear-compression yielding 1s not Trkely,

Flexurs! Failurs. The theoretical time to flexural failure, neglecting
shear and bond, was Just prioc o the theoretical time of maximum deflection
for tests WF8, WF 11, and WF 2. The beams deflected 1o of beyond the
theoretical maximum, did not collapse, and did not fail, Theoretical Hexural
failure was not reached in the calcufations for the other three dynamic tests,
and the beams did pot fail,

No fi i farlures were anticipated in static tests, and none occurred.

Shear Failurs. Statically foaded beams WFS and WF 10 failed and
collapsed 1n shear when the stirrups faided 1o contain the longitudingl tension
reinforcement under shears much greater than the usable ultimate saears and
just prior to yielding of the concrete at the location of strain gage C2 (quarter

17

.




. point), Further classfication of the failures could not be made because
{1} st s not kaown whether the stirrups ruptured before or after dowed failure,
and (2) st is not known whether ot not the limit strain of 0.003 1in /in, was
reached at points between gage locations,

R S————

g

Table 19 Oistances From the Supports to the Shedr Compression Zones

}
Test Dsstance, x,, ()
No tdeasured® ] Predicted l Difterence ) .
State
W1 34 51 +17
WF? 28 51 +23
WES , 3 56 2 . !
WEE 40 56 +16
WE9 2 57 3 * O
WF10 2 57 +30
Dynamic ‘ %
1
WES » “ » f
W4 . a5 » i
WE? u 50 6 » ?
weo 0 50 +10 }
WF1 35 55 +2% i
WF12 4 5 +16 %
i
* Mousuted at the level of the comipression renforcemont, '
¥ Vistie cti k.t 0ot roach the Teval of the compression reinforcement, » ¢
: i
: {
! z
§

The prodicted fafure (oods and shears and the maximum measured
Toads and shears i the S1aNc tests ore hsted in Table 20, The predictions
e Lonservative, the Jeast be g 17% in WE9, winch fadled, and the most
beang greater Won 337 m WE 1, which dd not Tail,

Thesdata for tests WFO aid WE 10 indicate the noed for a fimat to
thes ared 0f web reinforeement as iven in Equation 4a and as applied to
Equations 36 and 37, The lower himit (0.0015b3) was 00525 in2 and the
area, A, was 00567 i % {rearly eGual to the timit), and shcae failures
ucutred at the throshold of yielding in the sheat-compression zone, 1Lis [y [
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behever! that smaller areas would influence contai of the fongiludinat
steel more than yieiding of the shear-compryssion zan~, thus, the conserva:
tism of the predictions would be reduced, and shear falures would be brattle
rather than ductile,

Shear-compression failures were predicted for dynamic test WF7 at
the time of maximum deflection and tests WFE8, WF 11, and WF 12 shorily
before the me of maximum deflection, The predicted maximum deflections
were teached in the tests, and no falures occutred indicating that the predic
tions with regard to failure were conseevative. Shear failures were not
anticipated in the other tests, and nooe occurred

Ductitity Along the Span. The: beams in group | {Table: 3) had the:
higher concrete strength and closer stirrop spucig. Al were fouded to flexural
yield, but not far beyond  Steains at mudspan plotted through zone 2 aud into
cone 4 (Figures 41, 42, and 43), indicating underreimforced conditions with
strain ratios no more than 50% of the batanced condition, Steans at tu: thid
and quarter points plotted completely wathin 2one 2 at about 50% of balance
even though shear ctacking occuered a0 all the tests and stirraps yiclded in
three of them. There was no appreciable change in the ductility (percent of
balanced conditions) with change 1t lnading rate as can be seen by companing
the plots in Figutes 42 and 43, however, a change i shear crack location in
the statically tested beams intiuenced the strains at the quarter point gs can
be seen by comparing the plots in Figures 41 and 42, The shear crack was
further inboard in WF1 (Table 14 and Figure 26) causing a reduction in con-
crete strain after the stirrups yiclded (Figure 41). The plot for WE3, not
shown, was similae to the one for WF4,

The beams 1n group 11 had the higher concrete strength and further
stirrup spacing, Since they had less web reinforcement, they were expocted
to be more shear sensitive than group 1. In the static tests and dynamic test

WF7, the beams were loaded, as in group 1, to Hlexural yield, but not far
beyond, Stran at inidspan again plolted through 20n¢ 2 and into 20nc- 4
(Figures 44 and 45), i ] ditions with strain ratios
about 50% of the balanced condition, The flexural ductility at the auorter
puints und third points were distueded upon yiclding of the sticrups (shear
vivlding} in static test WF6 and dynamic test WF 7, but 10 a lesser degrey in
the: dynamic 105t as can be seen by compering the: plots. Beom WFG behaved
like WF 1 in that the concrete strdii was reduced ot the quarter point after
shear yielding, but WE 7 behaved differently in that the concrete stram
increasedd abruptly upon shear yielding. Beam WF6 appuared 10 be well
belanced with regaed to shear and Huxure and with regard 10 ductility ot
the shear-compression zone. The plot for static test WFG is nearly identical
to the hypothetical plot {Figure: 15) discussed 1n presenting the theoty.
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Shear cracking and shear yielding occurred with both the midpoint and third
point plotting n zone 2, which indicates ductility in shear at the critical sec
tion; then the third point curve approached the balance point, common to all
200es, when the beam yielded at midspan by yielding of the tension steel,
which indicates balanced conditions at the shear compression zone and duc:
tility at midspan. Thus 1s considered the most ec ical design, The plot
for WFS, not shown, was simifar 1o the one for WF6, but indicated shightly
greater ductility at all gage focations. The beam barely yielded at midspan

in dy test WF7; therefore the velocity was nearly zero at the time of
yieiding, and the dynamic yield strain of the steel was approximately equat

10 the static yield stran. A much larger dynamic load was applied 10 \VF8;
the yield strain of the steel was increased as shown in Figure 46, but the
ductility at midspan was changed little, +f any. The curve representing the
quarter point “jumped up” atter shear cracking, reached a maximum at shear
yielding, and then went down, ending with the concrete in tension, The curve
tepresenting the third point, which is near the shear compression Zone, plotted
lineanly at about 50% of the balanced condition during much of the stran
history and then turned rapidly upward passing right through the dynamic
balance point into the zone above. The tesults of the group 1) tests indicate
that fh | ductility can be maintained at the shear-compression zone, snd
the sequence of events in the concept of ductility along the span can be pre-
dicted by the theory.

The beams in group 111 had the lower concrete strength and greater
stirrup spacing, and were included in the experiment plan to insure shear
failures, thus providing data which would bracket the threshotd of shear
failure. The statically tested beams did fail in shear, Just prior to yiclding
at midspan 1n WFQ and Just after yielding at midspan in WF 10. Seu Table 17,
By comparing plots {Figures 44 and 47), one can see that reducing the con-
crete strength had hittle etfect on ductility at midspan, but a lurge effuct on
ductility at both the critical section and the: shear-compression zone. The
lower strength caused earlier cracking and yielding in sheor and increased
the siopes of the curves for the third and quarter points after shear cracking,
In general, this d d shear p ductility through nearly all the
strain history. The quarter point in WFQ (Figure 47) bucame brittie as the
curve passed into 2one 1. This did not happen in WF 10, not shown, but it
was approuched. Test WF 10 was also different iu that the yield strain of
the steel 9t midspan was reached just prior to shear flure, By compuaring
plots of dynamic test data (Figures 46 and 48), one can st thut reducing
the concrete strength had effects simmifar 10 those in the static tests, The
load was not sufficient to cause failure in dvnamic test WF 12 (Figure 48),
and behavior was similar to the comparable dynamic test of group 11
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(Figure 46). The: main chfferences were varher sccutrence of shear events, .
increased slope with regard to the thied point, and brsttle behavior in zones

1 and 3 at the shear-compression zone  Thie plot for WS 11, 0ot shown, was

simular 1o the one for WF 12, except that the carve for the third pont did not

e e g

quite reach the brstle zones, »
o It {uitwnate) stram N
0083 0ne $
0ss
® {
0%0
048
Yon : > & |
} ,
! [T}
Loevet {y i) o]
s D
l %
3 / ., "
L tone t / . .
[t i
/ yoold siran f
/
0 o,
4 4
/ » i
018 // (X ™ 4
;e a !
/] /‘ vl ;
010 7 :
/ \UI '
y
[ ] (]
(1 7 ¥
/ song 2 o '
[} L '
[) 008 (A1) [ 3] 020 on 0.20 (% ) 040 '
Suema m Longiudngl Tonmon Rewmioreing Bur, ¢y (%)
Fgore 41, ool balance at midpoint, thwrd point, and quarier H
peint of Seam WF 1, ° ¢
i
%
1 A
22 'Y ]
i




M”—ﬂm'.ﬂlgm
~

vt (ultimate) siran \

°
-4

10oned

000 %

I3
]

et (veaidl stran
A

°
]
h

o
3

A S
S

L, viold stebn

s ow 018 020

Soran i Lonpiudingl Tonnon Awintorcong Bar, ¢, (N1

Figue Q2. C sl balance at mi

[X_ X )

point of beem WF2,

123

thirc. poiet, and euarter

N B 2 w

R

A’L:—




e hen e e e m

R R

-
1
'

O S -

N B SR . A P W P e AR o

-

00 o% a0

018 0% o

[ )

Soraie in Longitudingl Tencion Reinforving Bar, ¢, (%)

Newie {yiaidt sorain 4
L]

098}

1% %0 20m 4 cvmny =

third polat, and quarter

w0l belanca ot

Figure 43. C

point of begm WF4,

.

124

»
&
i




- - w o - - \ 4 . o
» e & °
- -_ - - - - — - - -
- ey - - nn e e r
o Mm PRIy et
we e e Seem v n xh e eev——— m— s an e wa ; 5.4!.{”...“.”23..”., v |
. » 5
i
P
, i
i 4 _h m
4 3 T % P
+ s + &, .
N
i |
. - ] 2§
L i . %
M . w / m )
w A N 14 e .
: . s -
, ) M w m\\ h >, N\ m m & )
; B N m AN w H
4 /'4 M B
, . W i u m N i md ,
, - = isi
1 : i i 3
! ‘ , §
%) % ‘2004 ceowey 12 wang sresdwe) v f
} :
.. ] w
[ B 3
; ‘ !
. . . - f s et 4 46 e v opemreriem e ¢ v vtk emrarons o an '
. St At v — O L xM
5 — e e < g o e - - - e - R . -




» ofe

L

e S

©p ——
'Y

lﬂlm-d‘\

zu,.lau!!l..!.lnu!ll.lo

[ ] [ W [ ] a
- I ]
i _ m_u '
L
8
N S 5 m wm w . !
A NN L i #
H- RO T |
1 AN g b |
il | i i ¢
T 8§ 7 ¢ 7§ 5§ § ;& 5§ ¢ § |

T ket pae o

NI
<
i
i




|

) Lon

3
:

.
- .
R
—_— eIl

-

@&

'

Comprowmive Sursin ot Romots Filer, ¢ %4

R T

B 3 il

L e, N

0 T

cep .
N a e on A

'«ﬁ““*’f--—w :

t&m

< i

» v
R .
Viomit fuitionate) sersin.
e N v
. 1 rEeT
nned l B Py o
ol
omtic vield swein, visld
swein ot L3
LY

&

Yiemie tyioidl wtcain,

]
N

]
N

.4
-
]

rain ot L/2

_'\ . ::; . ~—-; o om L
_M_LJ_JIJ

(] 008 al o [*] 0 0% oM .0
thmr-umu.c,m

Figwe 48. mm.mmnmum
nimdb-nVIFl

P

. X

s e L

ETIEEE Tee -

~
- 127
- - o= . .
. [ "
. -
.-

T e g’ﬁm’ﬁ v 7.-« ER vw;—-wx;

Ll s A

Pobardt At s

o

Lol

e

@ ofe @

.l s,




@Q.O@ °®

W"I.“} e o [t .
N - . H

1

. aed

A A © £ AT . B 4 Wps 4 e et i gt pr——

. B i :
1 N N &

P o IRRAS P S
1SN . -

bus
yi

~4
w2

) /

[31]

o0

”hwvuo;mu.-,m

.
wfm»m\
om

o
o

W)

w” i

i § 38 § 3
.w‘

-y o

B e

Wird ~olet, and quarter

-seel baience st
poist of heem WFQ,
128

Figurs 4.

{ t
'
~ e b N s e w h R T R LT U PRy . .
X
b ol < et b 3 8 e o ot pan va < s+ e B S, R S R
g w - W 4 w B g




Lt ot s s e g o bt 5 St A - - - -

Seew o v amm wmma sy n

[ 1]

Tomion

129
v-

< s ® 1 v % oA . ocue i* . &m.{: g - - W e - . . .
- |
' “w '3 . . |
, i “ .
. " e . oL _
) - m‘ , — : R ) 1m \,. “, ~ﬂ H m.. ) 4m,_. :. : .
~m # ' N . f D K ¥ > “ . t
‘: 15 , A ﬁ . m ““ » ' “ ,”% . ;
— : 1 % 0 I um. m SR )
1 | SN of 3 MM
¢ R— S {
' N SN TER el | “m
'» °
i
3

NM“ﬂ\
%
/1
/4
AMI
oot belance ot

it (wlsenane) rsi
N

—
-

4
\M.‘

i

V A ‘
3 : i - 11 k

.|

‘ |
] §d 3 8 8§ ' 3,8 3 3

e T———
point of besm WF12,

Y o R
P aa s g

w,, zf.‘tllil S « ,.w“ !
o N "t b m= .
§ .

N ¥ i , Z

» f
o
. 4 ' Y .
. KM R . : i 1
{ 0 3 . ook
. t i . i . [ o m 3
\ ' o : i I g
i . i
[T ¢ . o . . PR . ; Cr Ly !
\ Nt B »w_ lr{ut:;vau.l T :&m..cww .I.ﬁur e ot ot AR AN IR r ek miTn 0T e T e R NV T s ¥ _
L - !
. i ¢ *P 1
o a1 Sran s <35 <At A i 2 Al Sk, e b dacami 10 0 venmase & s 5 ‘ i |
|
.
- - - - - - - - - - - - Nk




&K

" b———— s ———— Ay R W

- NS PR — —— - - et
r— ’”N - : -_,:— v ot

[

[

i
LN
)

H

BT L

[ hd s e N A
e s e * wws

Summary. The concept of ductility along the span was studied with
emphasis on the difference between stauc and dynamic behavior. Strains
were attained in all six zones, but g of the mid tension reinf
ment in zone 4 was Jess extensive than anticipated. Balanced conditions were
attained at the shear-compression zone at the time of yielding at midspan in
the group 1f dynamic tests. Yielding in shear and flexure but no failures were
obtained in dynamic tests. The differences between static and dynamic histories
of strain ratio were rather small indicating that no additional design criteria are
needed to insure suitable ductility in flexure at the shear-compression zone in
dynamic designs. The threshold of failure due to small areas ot web reinforce-
ment was studied, and the minimum area was found to be most critical at low
concrete strength and for the static case. It appears that the minimum area of
web reinforcement specitied by the ACI Code should be applied in static
designs and is adequate for dynamic designs as well.

The theory predicted occurrence of shear cracking, usable ultimate
shear, shear yielding, and flexural yielding for the static and dynamic cases
woll within normal engmeenng accuracy. Since all unconservative differences

h ical and experi| shear, at the times of those events, were
les than 15%, a capacity reduction factor of 0.85 in design is adequate for
mkad dynamic designs. Predictions of shear and fiexural failure were
Conservative, Predictions of maxi l were vative
mainly due to high modes of vibration not included in the theory, and pre-
dictions of maximum velocity were conservative mainly dux *3 damping

p not included. Predicted deflections were unconservative only
when shear yielding causad a large shear deformation by plastic hinging in
the shesr-compression zone.

Underioading in some of the tests limited the conclusions that can be
made with regard to the effects of concrete strength. However, in general,
predictions were equally good for the higher and lower strengths. Lowering
the strangth docies d the duttli igy i the shesr-compression zone and
decreased the conservatism oF the pradictions of shear failure in static tests,
The dynamic increase cosfficients for concrete, C,, and stirrups, C,, were
successfully computed from the velocity at midspan and used to predict
avents in the shear behavior,

CONCLUSIONS

The conclusions in this section are general conclusions which apply
to the three-part study. Specific conclusions pertaining 1o the Serias F tests
ore combined with the findings of tho_n tests and are presented in the previous
saction. Spacific conclusions perta+* %0 other Series are presented in the
saction “Summary of Previous Wr -, ‘4 -
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1. The shear, shear h, and flexural alli :
under dynamic 10ad with respect to the same load apphed statically; both

the shear gth contributions from the ¢ and web reinf . b
increase.

2. The shear and moment at the critical section increase in about the ssme
proportions with respect to the loading rate, Thus, the shear-moment ratio
does not change much at the critical section. Differences between static and
dynamic values of shear-moment ratio are greater further from the support.

. under shorter duration loads, in deeper beams, and at relatively earty times.

within the natural period of vibration.

3. Thausable ultimate shear strength and the flexural yield strength increase R
in different proportions. Furthermore, the contributions to the usable ufti- :
mate shear strength from the concrete and the web reinforcement increase
in different proportions, depending mainly on the material used for stirrups
and the rate of strain in the stirrups. Thus, the mass and the characteristics
of the dynamic load infi the relative increases in the flexural strength,
shear strength from the concrete, and shear strength from stirrups.

4, Webmnfomntprowdesm i by ining the longitudinal
nt, g rotation about the shear-eomprmon z0ne, md fesist

ing diagonal tens-on forces, if the area of web reinforcement is too small,

ths web reinforcement may strain sxcessively and thus fail to contain the

loagitudinal reinforcement triggering premature dowel failure If the web

reinforcement contribution to shear resi is very large, shear yielding

may occur by yielding at the shear-compression 2one without yielding of

the web reinf, Thus, a maxil limit on usable ultimate shesr

strength based on gth and independent of the web reinforce-

ment and & minimum limit on the area of weh rinforcement are required

to insure against preniiture failures. Under dynimicToading, there is s

dency toward relatively I."ger contributions from vveb reinfi

.

i e B e e e s e e ¥ ol s o

-due 10 the dynamic i in yield gth; therefore, the mini limit

on ares of web reinforcement is less critical, the maximum fimit on sheer i
strength is more critical, and the general behavior in shear is less ductile or
more brittle.

5. Strains in the stirrups are small until shear cracking occurs at which time
there is a pr ed i in rate of g in stirrups located neer the
shesr crack. In general, the stirrups act more or less independently, instead
of ss agroup. The loading rate changes the yield strength of the stirrups, but
does not change the general characteristics of performance. !
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6. 1is possible for a beam to have enough web reinforcement to force
flexural yielding prior to shear yielding in the static case, but not enough
to cause tha1 sequence in the dynamic case. The probebility of change in

’ sequence s greater when higher strength steel is used as stirrups and when
the natural period of vibration is shorter,

7. ‘The dynamic increase in yield strength of reinforcing sieels is ¢* ~ater in
lower strength steels. Between a curing time of 28 and 49 days, the dynamic
increase in compressive strength of portland cemant concrete is influenced
more by curing time than by static compressive strength. Although the con-
crete has better than 90% of its compressive strength at 28 days, the dynamic
i in gth is considerably fess at a later time,

8. Yielding at midspan retards further increase in shear at the supports in
dynamically loaded beams. Many reasons were considered and none conclu-
sively proved.

9.- It is possible for a beam to fail in flexure after the usable ultimate shear
resistance has been exceeded. In other words, the additional shear resistance
beyond yielding in shear might be enough to force flexural faiture. The prob-
ability is much less under dynamic foading.

10. Diagonal tension failures can occur upon shear cracking if stress
redistribution is not accomplished or later when the longitudinal tension
reinforcement suffers dowel failure. This applies to the dynamic as well as
the static case, with and without web reinforcement. In baams with very
small areas of web reinforcement, the dowel faifure can be triggered by
failure of the we'. reinforcement to contain the longitudina! tension rein-
forcement.

11, The location of the critical section does not change much with change
in concrete strength, stirrup spacing, and loading rate, The effective depth
of the beamn can be used as an estimate of the distance from the support to
the critical section for static and dynamic design purposes, and the theory
can be used to compute the distance in static and dynamic rigorous analysis,

12, Underreinforced conditions can be maintained in bending at the shear-
conipression zone. All of the events in the concept of ductility along the
span can be predicted with regard t0 sequence and zone of occurrence.

13. A capacity reduction factor of 0 85 is adequate in analysis and design
when using the theory 10 calculate static and dynamic loads, resistances,
and shears corresponding to shear cracking, usable ultimate shear, shear
yielaing, and fleaural yiclding, The theory provides only conservative estis
mates of tailures in shear and flexure. The: theory gives unconsaevative
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values of maximum acceleration and conservatwve values of maximum
. velocity. Predictions of maximum deflection are cunservative if most of
the response history is efastic, fairiy accurate if the beam defiects into the
: inefastic regime, and unconservative only when shear deformations become
L. large .
14, The chart developed from the modal analysis is adequate fur predicting ;
the maximum shearing force at the supporis. - . . : s ¥
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RECOMMENDATIONS FOR DESIGN : s

Static Load Design Criteria .

«

.

. Reinfcreed concrets beams should be underreinforced and designed '
to remain in the elastic regime under normal service loads, with minor cracking .
in shear and flexure permitted. The yield strength of longitudinal tension '
reinforcing should be used as the reference in proportioning and sizing mem-
bers, and the required usable uitimate shear strength used to determine the
amount of web reinforcement. Capacity reduction factors, ¢, for sheer and
flexure should be applied to provide safety against flaws in fabrication and
. inaccuracies in design, and loud factors for safety against overloading. Actu-
ally, shear cracking in the beams will be nonexistent, or very small, with the
use of usable uftimate shear as the design reference if the safety factors are .
used. Theoretically, if 3 capacity reduction fantor of 0.85 were used for both
shear and flexure, and a load factor of 1.2 were applied to all design loads.
stirrup effectiveness up 10 about 35% would not result in any shear cracking
at full load, and load factors up to 2.4 are commonty used with live loads ‘
giving even acditional safety, allowing much fiigher stirrup etfectiveness with- N
out shear cracking, »
As a result of this study, two provisions, different from those of the
ACI Code,"? ara recommended for shear and diagonal tension, ulti gt
design. (1) In sections with web reinforcement, the shear stress, v,,, should 0o
#xcoed 8 Y1 in rectanguiar sections and 10 /T in T-sections and I-mctions.
(See ACI Code provision 1205b.) This prowision is discussed on pages 29 ard 33
of this renort. {2) In rectangular beams with reinforcement ratio, p, less than
0,012,1  “ear stress permitted on an inforced web, or the buti
fromthe  ncrete in a reinforced web, should not exceed that given by:
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v, = #(08 + 100p} /I p<0012 i) R

(See ACI Code provision 1701d.) This provision is discussed on page 7 of 4 ®
this report, '
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Dynamic Load Design Criteria

RED ROy

In protective ion against dy ic overloads, load factors

should be omitted and yielding, or additional yielding, permitted in case the ‘

"load is larger than anticipated. General design criteria are variable depending

on the of pr i quired and the deflections that can be tolerated. . )
Capacity reduction factors should be used not necessarily to insure against i
yielding, but to insure that if yielding or failure occur, they will occur in a .
predictable fashion, in the most desirable mode, and wit! dden failure, ;
Structures should be classified with regard to protection required and ;
i
Ed
|

detlection that can be tol d. Three classes are recommended. They ate
arbitrarily designated A, B, and C.

Class A contains key structures requiring the most protection and deast
deflection such as command posts and missile launching facilities, These struc
tures must function under repeated dynamic loads, during dynamic loading,
and/or without damage 10 sensiti ip Beams should be designed to )
remain elastic. Thus, the yield gth of | | tension reinf .
fay. Should be used as the reference in proportioning and sizing members, and
the required usable ultimate shear strength, v,,, used to determine the amount ~ ’
of web reinfor Ac ity reduction factor of 0.85 in shear and unity .
in flexure should be used to insure against yielding in shear prior to yielding
in flexure, if yielding occurs.

ClassB ins personnel shelters and shelters of important equipment
and supplies where repeated dynamic loads are not expected, large deflections
can be tolerated, but insurance against failure must be maintained. Beams )
should be designed to yield in flexure, but not in shear, Thus, a limit strain,
€y, of 0.003 in./in. representing yielding of the concrete in compression
should be used as the tiexural criterion, and the required usable ultimate shear
strength used as the shear criterion to determine the amount of web reinforce-
ment. A capacity reduction factor of unity should be used in both shear and
flexure,

Class C contains unoccupied structures ana shelters of less important
equipment and supplies where the least protection is required and deflection
is not a consideration. In this class, economy outweighs margin of safety
against failure. Boams can be designed to respond to the point of failute in
flexure, which is detined by a limit strain, e,,, of 0.006 in./in. sepresenting
cfushing failure of the concrete. They may be designed 10 respond to the
point of yielding of the §hcar<:ompresim zone with a limit strain, €y, Of
0003 in/in. if the numerical integration procedure is used to analyze the
beams. Conservatism in the theoty will insure against yiclding in shear prior
to failure in flexure, If the ical integration procedure is not used, the
design for shear should be the same as for class B, A capacity reduction fac-
tor of unity should be used both in shear and flexure. ‘ [
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The following table is provided for quick reference in selecting general
»  shear and flexure criteria and applicable capacity reduction factors.
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Dynamic Design Capacity Reduction
Structure Criteria Factor, ¢
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i Motion Criteria : ) '

{f the maximum values of motion parameters calculated in the
numerical integration procedure are compared with motion criteria, the !
following "'rules of thumb" should bo applied. i ® [

«Calculated jeflections should be permitted to 100% of
the maxi allowable defiecti Such designs can be expected to be ,
sbout 15 to 0% safe with regard to deflection if maxii deflecti
occurs in the elastic range, and zero to 15% safe if maximum deflection
occurs 8 short distance into the inefastic range. 1t is assumed that deflec- A
tion criteria will not be used for beams permitted to detlect for into the [
B inelastic range or to yield in shear. .
Clloula(od maximum velocities should be permitted to 100% of
the liowable velocities. Such designs can be expected to be
" congsrvative dus to dampmg components not included in the theory. |
i Calculated {erations should be permitted to only 50%
of the maxi llowabl lerations to allow for unpredictable initiat
pesk accelerations of short duration not d for in the theory.

-~ ot e o S SR & s
‘o

:Concrets .
Proportions. The theory presented herein is intended for slender
besms only (L/d > 7), but probably could be used with appropriate capacity
X reduction factors to obtain less accurate solutions for intermediate beams
{5 < L/d < 7). 1t is not recommended for deep beams (L/d < 5).

Cover. The minimum cover over reinforcing steel specified in the ACI
! Code for the static case also applies to the dynamic case.
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Strength. Static 28-day compressive strengths of concrete within
the limits

2,000 < f; < 7,000 pei

n 4

are ded. The application of higher strengths was not i iga
and should be the subject of future studies.
The dynamic increase in tensile strength may be expressed as

» f, . .
C, = 7+ = 0851 + 1.33x10%, + 0.0693logf,  (75)
t

.15 |Woll = 2x,)
where 1, =% [Ton,

and 1 <€ < 1.74
Contribution to Shesr Strength. The maxi concrete contrib
to dyramic shear strength, also called the diagonal cracking strength, can be

puted from the following formulas, which are discussed in the theory
under ""Dynamic Shear Strength at the Critical Section,”” For p < 0.012,

v, = #{08 + 100p)C, V7] (16)

Forp> 0.012,
v = oloc, /T +25002%9)  <asec, /T o7

v L-2x,

M Lx-x2-r?

Longitudinal Reinforcement
Compression Reinf Al dynamically foaded reinforced
concrete beams should i ion reinfc t. The compressi

reinforcement (1) acts in tension during rebound, (2) contains, in conjunction
with stirrups, the concrate of the shear-compression zone, (3) provides addi-
tional ductility, (4) heips to arrest the shear crack providing a point of rotation
in shear-comptession, and (5) provides dowel at the shear-compression
20ne. R ded limits of compression reinforcement ratio are
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025p < p" < p

It is betieved that best results are obtained when the compression steet ratio
is between 30 and 50% of the tension steel ratio.

Theoretically, there is no reason why the yield stresses of compression

- and tension steel need be the same; therefore, equations in the theory are

written as if they were different to allow flexibility in design. 1t is believed
that economical results can be obtained with the use of two steel strengths,
the lower strength used in compression, 1f two gths are usad, p d
must be taken to prevent confusion during steel fabrication.

Static yield strengths of longitudinal compression stee! within the limits

40000 < f, < 75,000 psi

are recommended.

.

Tension Reinforcsment, Static yield strengths of longitudinal tension
steel within the limits

40,000 < f, < 75,000 psi

are recommended. Higher strengths may be used, but suitable ductility is

difficult to achieve in design at strengths above 75,000 psi.
Recommended tension reinforcement ratios are

0012 < p < 0036

Ratios below 0.012 may be used, but the shear resistance contribution from
must be reduced in accord with Eguation 76. The grestest

snergy absorption of beams under dynamic load occurs with & reinforcement

ratio of about 0.02, s0 that value is a good starting point for initial designing.

Web Reinforcement

Orientation. Inclined stirrups are not rec ded. The hori;
p of inclined stirrups tend to overload the shear-compression zone
g brittle behavior and p shear yielding by yielding of the con-
crete m compression, Also, inclined stirrups act in the wrong direction during
rebound contributing little, or ny, resistance to diagonal tension. No more
than haif of the web reinforcement over a distance along the axis of the beam
equal 1o the effective depth of the beam should be provided by pugtw bars
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Ior the same reasons. If bent-up bars or inchined stirrups are to be used, &
lysis of compression and rotation at the shear-compression zone

should be made including the effects of the honizontal components from web
reinforcement.

Amount. The required amount of web reinforcement should be
computed from the beam width and the difference between the usable ultimate
shear st« 7gth required and the shear strength contributed by the concrete as
follows

1
c 5‘;—'1 - %(v“ -V (78)

Strength. Static yield strengths of stirrups within the limits
0,000 < f,, < 75000 psi

are recommended. Higher strengths may be used, but might not be economical
due to smail dynamic i in gth and the tendency toward yielding in
the shear-compression zone without yielding of the stirrups. As mentioned
earlier, a change in yielding of the beam from the flexure to the shear mode
might occur with increase in loading rate when high-strength steel is used for
stirrups. .
The dynamic i in stirrup gth should be puted from
the static yield strength and the elastic strain rate as shown in Equation 29
of the theory. Equation 29 is restated in specific stirrup notation as follows:

f,
%_#_“ts'.m.uo;w‘
4] vy 1"
(3000 muo‘)wm" 79) -
Wy 'vv
. and 1<C <2

Area. The minimum area of web reinforcement
A, > 00015bs

specified in the ACI Code for the static case also applies to the dynamic case.
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Spacing. Li 10ns on
also apply to dynamic design. Thus,

stirrup sp

in static design

s<¥;— when, v, < 6oy S
s<-‘-’— when, v‘,>6¢Vf,_'

3

Uniform spacing of stirrups is recommended in dynamic designs since
the distances to the critical section and shear-compre.sion zone change with
~characteristics of the load and with time under a given dynamic load. Where
web reinforcement is not otherwise required, ties should be provided as they
are in static designs, and the distance from the support to the point, x,, where
the amcant of web reinforcement changes should be determined by:

x'.% "( d) >-‘-3'- .

Plain wires 1/4 inch in diameter should be the smallest acceptable size for
bath ties and stirrups.

180)

~*Design Procedurs

Simplified Method. The general approach to design is duscussed on
page 39, It is stated there that if the preliminary design is not evoived by

" normal static design procedures, the flexural aspects of the design can be- "

accomphished by employing dynamic design aids in the form of cham.
graphs, and tabulsted data. [tis further stated that such aids are available

in References 2, 4;and 5, and that the charts in NCEL Technical Report
R*12127 are probably the most rapid means avaitable. The simplified mhod
given heve for the shear aspects is intended to be used in comuncnon with

" thoss methods.

This method is nmended for initial designs to be analyzed fater by a
more accurate method, When the method is used for that purpose, the capac-
ity red factors r ded in the dynamic load design criteria should
be used. However, if it is used for final design, the capacity reduction factors
for shear shculd be reduced by 0.10.

" " ltis assumed that the dynamic load is given and the flexural cross
section has been designed, and the purpose of this deslgn procedure isto_
determine the amount of web reinforcement required.

5
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N Maximum Sheering Force at the Support. The chartin Figure 4
may be used to determine the maximum shearing force at the support.
The following values must be computed before using the chart: (1} the
static shear at the support if the peak dynamic load were applied statically
{w, L/2), (2) the ratio of the effective load duration and the natural period
of vibration (T/T,), and (3) the ratio of peak load and dynamic yield resis-
tance [w,ir, ). The duration, T, of an effective triangular load should be
used in lieu of the actual load duration. The dynamic yield resistance, r,.,
is expressed as a force per unit length, as is the load, and can be determined
from the maximum total dynamic resistance by:

S ST (IR 2 R ot e SR S e e s

,
L]
A

Equations for computing R, and T, are given in the theory under “Flexural
Resistance.” See Equatuons 60 through 71. In using the chart, one enters at

. the bottom with the ratio of peak load and dynamlc resistance, moves upward
to the approprlate ratio of duration and natural period, and then to the left
where the maximum dynamic shear factor is obtained. The maximum dynamic
shear factor is the ratio of the maximum dynamic shezr force at the support,
V,n. and the static shear at the support if the peak dynamxc load were applied
statically (w, L/2).

) Maximum Sfmr Stress at the Critical Section. The maximum shear
stress at the critical soction can be estimated by:

2 Vo %:T‘(u- 2 %) 1)

In this simplified method, the req-med usable ummate shear strength, v,,,
is considered to be equal to the maximum shear stress at the critical section.
Thus,

oy

* esay

cane

k..

Vy ® Ve . (82)

PR .

Maximum Sheer Strength Contributed by the Concrets. The maximum
shear strength that can be contributed by the concrete, v, should be computed
by the use of Equation 75 and either Equat:on 76 or Equation 77, depending
on the reinforcement ratio, p, and letting x equal d.

© AN of Web Reinf: Required. If;l, is larger than v,,, stirrups

are not required, but ties should be provided at the maxi allowable spacil
ifv, is smaller thanyy,, the of web reinfc should be
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with the use of Equation 78. The dynamic increase coefficient, C; in the
P > equation, can be roughly estimated by assuming an elastic strain rate of
H A 0.6 inJ/inJsc2 and using Equation 79 or the chart in Figure 17, The

Iting approxi d ic i coefficients and dynamic yield
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Apatysis Procedure A IR 4

n designing. One has to do with the cost of materials, Mﬂatm, and erec- "
tion; the other has 1o do vith the cost of the angmeenng designing itsslf. )
['l Both kinds of y should be consid
+ enalyzing reinforced concrete beams. R
There are three puctical procedures from which 0 choose: .~ .° .~ k
{1) computer programmmq of the numerical integration melhod discuseed p
in the theory, {2) hand calculation of the numerical integration mM
and {3} the simplified method given below. The numerical inwubon
mathod gives the greater economy of materials and also the most sssurance
of safety with regard to brittle behavior in the shear-compression zone. It
~ is als0 the most economical with regard to engineering effort if & large Aum-
ber of beams are to be uulyzod If a computer is avmlablo and a number of
beamns are to be analyzed, the comp g procedure is, by far,
preferred over hand calcumton of the numencal integration bmuu the
S latter method is very time consuming and subject to human oeror. "The
simphifisd method is recommended only when a few beams are to be
analyzed and economy of materials is outweighed b, the mm ad cost
of engineering.

. J
" / Procedkire Choice. There arg two kmds of economy tobemad«ed
[
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Simplified Method. This simphfied method gives only approximate
results; therefore, the capacity reduction factor for shear should be reduced
by 0.10 when this method is used.

The shear strength contributed by the concrete, v, should be obtained
from Equations 75 through 77. The distance to the critical section, x,, can be
approximated by setting it equat to the effective depth, d, and values of the
natural petiod of vibration, T,, can be obtained by the use of Equations 60
through 70. - -

“The usable ultimate shear strength, v,,, then should be computed as
follows:

For A, < 0.0015bs,
vy =V, (83)
For A, > 0.0015bs,
f
v, =yt oc,% <sey1; {84)

Vaiues of the dynamic increase coafficient, C,, can be approximated as
indicated on page 141 in the simplitied design procedure.

The maxi llowsble dynamic shearing forca at the support,

V. should be determined next by using Equation 39,

Then the maximum dynamic shearing force at the support, V.
should be obtained from the chart in Figure 4. A detailed explanation of
how 10 use the chart is given on page 140 in the simplified design procedure.

Finally, the boam is safe in shear if

Vi
"Z<1
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! Appendix A !
i ’
; STRENGTH PROPERTIES OF MATERIALS s
¢
, ?
t ;
INTRODUCTION °

To study the strength and behavior of structural elements, it is
necessary to determine the strength and behavior of the structural materials
from which the elements are made. The objective of the work reported in
! . this appendix was to determine both the static and dynamic strengths of
the materials used in the 12 reinforced concrete beams which have been ) [ ]
designated the F Series. Strength properties are reported elsewhere'®-23 :
for the D and E Series,

CONCRETE

t
s Mix
i

The concrete was made from Type | portland cement, 3/4-inch

<, maximum size San Gabriel aggregate, and San Gabriel sand having a fineness
. modulus of 2.82. Two mixes were used. The mix proportions for the higher
P strength concrete were 1.00 (ccment) : 2.98 {coarse aggregate) : 2.71 (fine
aggragate), by weight, with a water-cement ratio of 0.57 (by weoght) or6.5
b gallons per sack. A slump of 3 inches was specified. The mix p(opomons
for the lower strength concrete were 1.00:3.82:3 65 (by weight), with a
water-cement ratio of 0.71 {by weight) or 7.98 gallons per sack, A slump

of 2iinches was specified.

Cme e s — e e s w
P

! Static Tosts

) At the time each beam was cast, six standard 6-inch-diameter by

. 12-inch-fong cylinders were cast from the same batch of concrete, The
cylinders were cured under wet burlap slong with the beam until 2 days ,
before testing. Three cylinders were used to determine the concrete co.n- ®
pressive strength, and three the tensile splitting strength, The results are
given in Table A-1. The average static compressive strength at about 28
days was 5,770 psi for the higher strength and 3,480 psi for the lower
strength concrete. The average tensile splitting strength was 547 psi for
the higher strength and 426 psi for the lower strength concrate,

o —
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. Dynamic Tests ;

Seventeen concrete cylinders were cast using the lower strength mix i
! described above. Afl cylinders were 4 inches in diameter, 8 inches long, and £
P cast from one batch of concrete. The cylinders were tested under various -
H loading rates in accordance with the procedures outlined in ASTM Specifica- . i

tion C496-62T, “Splitting Tensile Strength of Moulded Concrete Cylinders.”
The rate of loading was stow (static} on five cylinders and rapid (dynamic) 3
. on 12 cylinders.
" The results of the tests are listed in Table A-2 and plotted in Figure A-1. .
The average static tensile splitting strength was 426 psi, identical to the results
of the static tests described above and listed in Table A-1. The average value 4
was used in determining the dynamic increase in tensile splitting strength, ' {
t The equation in the table and figure was developed by, the author from data
¢ reported by Cowsli?® and by Lundeen and Saucier.'” With the exception of
f two data points, agreement is very good between the experimental data and
i data computed from the equation.
. 4 Cowell?4 performed static and dynamic, tensile splitting, and com- b » P 2
. pressive tests on concrete cured 28 and 49 days. He used the same coarss : !
) h and fine sggregate as used in the mixes described above, except for Type Il .
f

.

portiand cement instead of Type |. 1t is believed that thera is no significant
, difference in the strength properties of Type | and Type Il. The static com-
pressive strengths at 28 days for the two mixes used by Cowell were 3,900 psi
and 7,420 psi; the tensile strengths were 515 psi snd 710 psi. .

P

.
t
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Figure A-1. Resuits of dynamic tensile splitting tests on concrete with static
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Table A-2. Resuits of Dynamic Tensile Splitting Tests
Stouc Tosts Oynermvc Tests
L| Torwite | Tonede Torwie | Tensie o h' .,m’.
Ortnde | 20t 1 Cuentn || 71 | R | Soge, | SPra S
e Y | Bl Y fat AN
iosonct | tom uitmc) | 081 [ orimant | Theory®
st | os 0 o 000 | S0 138 7| 1At
s2 o4 0 02 A0 | 500 128 1
s3 04 a1 03 060 | &0 141 X4
4 os 0 o4 %200 | se0 138 (5
8 04 42 o5 40 | oo 140 13
A as || o 20500 | 400 we | 1m
o? 180 | 830 128 128
s 500 | 4% 10 " | 1e
o0 4100 | 520 122 .1,
. o1 830 | 820 2 12
- o1 |21020] &0 140 190
012 "] 200200 | o 1@ ) 1.
#1; © 428 pulaverage veiue from the fve static teetal. BN
b1t = 0081 ¢ 1330108, ¢ comsten by ; R
,
LONGITUDINAL REINFORCING STEEL
Material N
L . < — el “
i The longitudinal reinforcing stesl in each beam consisted of two

no. 9 bars in tension and two no, 7 bars in compression. All bars wers from
the seme lot and satisfied the strength requirements of ASTM Spacification’ ™

_ A432and the deformation requirements of ASTM Specification A305-56T.

x

Static Tasts
Standard tension tests to determine the upper yield point were made

on coupons from one tension and one compression bar from each of the
beams, excopt for beam WF1 where no tension bars wers tested. The results
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are given in Table A-3. The average upper yield stress was 69,000 psi for
n0. 9 bars and 70,000 psi for no, 7 bars. Three of the no. 9 bars and three

. of the no. 7 bars were tested to rupture and complete stress—strain refation-

ships were obtained. The ultimate strengths of those bars are listed in
Table A-4, The average ultimate strength was 103,600 psi for no. 9 bars and
100,700 psi for no. 7 bars. The stress—strain plot for tension bar no. 22 is

shown in Figure A-2, The stress-strain relationships for all specimens tested

had the following characteristics:
1. Linesr elastic region
2. Poorly defined proportional limit at about 60,000 psi
3. Wall-defined yield point at about 69,000 psi
4. No definition between upper and lower yield points
5. Secant modulus of elasticity about 29,000,000 psi

I

6. Long linear region before strain hardening at about i
0035 in.fin, of strain i
i 7. Ultimate strain about 0.13 in./in. ® ® ;‘
! Dynamic Tosts )
' Tests were performed to di the dynamic yield strength of f
. no. 9 bars and 1o relate increase in upper yield strength to strain rate. The !
} bars were different from the ones in the beams in that they came from a dif- » ¢
i ferent lot of steel and they were machined smooth. Details regarding loading . i
equipment, instrumentation, and procedure are given in Appendix A of ¥
Reference 14. Thirteen specimens were tested under various loading rates, i
‘ The rate of loading was slow Istatic) on five specimens and rapid (dynamic) , §
on eight specimens. :
j The results of tha tests are listed in Table A5 and plotted in Figure » *
{ { A-3. The average static upper yield stress was 81,500 psi, considerably higher i 3
;’_’”,” r- than for the coupons in the static tests described sbove and listed in Table' , ,
- A-3. The average value was used in determining the dynamic increase in
[ upper yield strength, The equation in the table and figure was developed 4
HE by the author from data reported by Cowell,2? Keenan,™ and the author?? !
ot from dynamic tests on various steels used as longitudinal steel and stirrups. »
yor The line in the figure is the locus of points obtained from the equation g
Lot using & static upper yield stress of 81,500 psi. Values of the dynamic ¢
[ increase, 0g,/0,, computed from the equation are slightly consarvative £
y with respect to all data points except one which falls on the line in the v
[ figure. Agroement betwoen the slopes of the line and the data points is
! 1 excellent,
o . 1
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Teble A-3. Static Yield Strength of Long: ! Remnforcing Bars
Tension Steet Compression Steel
* No. 9 Bars ) No. 7 Bars
cow | pwmin | UV | gy | geamin Upper Yield
. No. 'ma- Used i No. | Which Used ks
2 wer . 2 WE1 639
& WF2 . ees* b WF2 704
e WF3 67.0 = WF3 68.1¢
8 | . wre 04 »® WF4 0.0
10 WFS .} © WFS ®0
12 WFS 0.7 [ WF6E n2
1 WF? 0.2 “ WE? 705
16 WF8 ©5 ] WF8 ®2
18 | wro ®3 a8 WF9 04
2 WF10 619 50 WF10 .7
22 WEN 05 52 WENY .0
% WF12 ne! 54 WF12 758¢
Avg ®.0 Aw 700
 Not tested.
® Tastad 10 rupture and listed in Table A4,
€ Lowest value. B
4 Highest value. *
. Table A4, Static Ultimate Strength of Longitudinal Reinforcing Bars
Tension Steel Compression Stes!
No. 9 Bars No.7Bars
o | s | Ve | o | g [ e
No. :m.a\ Used o) No. | Which Used oy
4 WF2 1028 2 WF1 100.7
s WF3 1040 X WF2 101.7*
2 WF11 10422 | 38 WF3 %96t
‘A 1036 Avg 100.7
* Lowest valus.
¥ Highest velue.
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Table A-5. Results of Dynamic Tesis on Longitudinal Reinforcing Steel

e o oo

Static Tests Dynemic Tests .
\ Elmtic \ ) Dynemic Incresss
Yisid Strain Yld in Upper
Spectmen Stress, Specimen Rate Stress Yield Strest,
No. No. . " Ogyley®
U' : ¢ de . .
] (ks) (in.fin/sec) | (ks)) Experiment | Theory
1 826 Dt 005 938 115 112
§2 810 02 012 945 .18 1.18
s3 820 03 020 9.0 .22 118
S4 05 04 03% 1020 1.5 2
§5 815 05 0.40 102.0 1.5 121
Avy 815 [»:] 0.4t 102.0 1.5 2
07 046 1025 1286 122
08 0.88 1050 1.9 125
¢ 0, = 81,500 pei (average velue from the five static tests).
0y ., 13700 ma9x108  f3000  423wtof) .l
o, [ ,3 a9, ,;
STIRRUPS oo
Matarial ) T )

N

The stirrups were made from 6-gage snnealed plain wm. Tlnm
was received in 6-foot straight fengths.

¥

Static Tests

Four ssmples of the wire were tested to determine the static strength
properties. The specimens were 10 inches long and had one SR:4 foil strain,__
gage (EA-05-500BH) atfixed at midlength, Load was applied and mossured
with 3 tension testing machine equipped with a recorder, and stress velues
were computed from the load measured during the test and the diameter of
the specimen measured prior to the test, Strain was measured from zero to
spproximately 0.4% by the single strain gage. Larger strain values were
obtsined by measuring the elongation of a 5-inch gage length with a stale

containing 50 parts to the inch, o
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f in Table A-6. An idealized straight-tine stress—strain relationship, shown
; in the figure, was constructed using the average yield stress {30,000 psi}
. 2t 0.1% offset and the average tangent modulus of elasticity (29,200,000 psi).
H
o
I Table A, Static Strength Proparties of & Gage Wire
, f B
e i
it Tangent Yield Stress
N : Modulus | Proportional | (ksi) Ultimate
,t 2 Sp::m Dm« ot Limit Strength
P Elasticity (k) Offset | Offsat |  (ksi
1 | {ksi x 109) 0.1% | 02%
: I3 1 0.1897 0.2 240 0.6 KR 4“5
{ ,r 2 0.1903 2.1 25 0.0 8 450
o “i_ - 3 0.1900 200 25 285 | 04 | 46
L 4 0.1900 284 225 8 319 45.0
; h b
% ‘; “Avg 0.1900 22 230 300 | 09 “s
t i
3
H
t
|
1 152
£ S A x e S S e
I - - e e -

The results of the tests are listed in Table A-6 and plotted in
Figures A-4 and A'5 The stress—strain relationships for all specimens
had the following characteristics:

1. Linear elastic region

2. Well-detined proportional himit at about 23,000 psi

3. Tangent modulus of elasticity about 29,200,000 psi

4. Undefined yield point at about 30,000 psi

6. Very short region between yielding and strain hardening
6. Ultimate strain about 0,20 in /in.

.

.The scatter of data b tests was ex ly small; th 3

values from the four tests were used to plot the stress—strain relataonshup
shown in Figure A-5. The stress—strain relationship of specimen no. 2
from zero strain t0 0.32% strain is plotted in Figure A-4 to show the well-
defined proportional limit and the undefined, or very poorly defined, yield
point. Predictions of beam behavicr were computed using the 0.1% offset
stress rather than the customary 0.2% offset yield stress. Both are listed
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Dynamic Tests

Seventeen specimens of the wire, each 10 inches fong, were strained in
tension with the NCEL dynamic materials testing machine?' and continuous
measurements recorded of tensile strain and force in each specimen. The strain
was measured with one SR-4 foil resistance strain gage {EA-05-5008H) placed
midway between the cnds of the specimen, Force was d with an NCEL
strain gage-type tension link.

The results are listed in Table A:7 and plotted in Figure A-6. The

.average static yield stress (30,000 pst) from 17 static tests and defined by a
0.1% offset from the tangent modulus of elasticity (as given in Teble A-6
and Figure A-4) was used to compute the dynamic increase in yield strength,
G4y/9,. The equation in the table and figure is the same equation that was
used to predict the dynamic increase in the yield strength of the longitudinat
reinforcing stee! discussed previously. The line in the tigure is the locus of
points obtained from the equation using 3 static yield strength of 30,000 psi.
Agreement between the data points and the values computed from the equa-
tion is good. Three points are high, three are low, and eleven fall on, or nearly
on, the line. The limit (g4,/0,) < 2is also shown in the figure.

The material had welt-defined upper and lower yield points under
dynamic load. 1t was found that the percent dynamic increases in lower yield
stress and ultimate yield stress were considerably fess than for the upper yield
stress, For instance, at an elastic strain rate of 1.0 in./in /sec, the upper yield
stress i d 92%: at an inelastic strain rate of 1.0 in./in /sec, the fower yield
stress increased 60%; and at an uitimate strain rate of 1.0 in./in./sec, the ulti-
mate stress increased only 19%.

BOND TESTS

Pull-out tests {related to this work) to study the influence of normal
pressure on bond between concrete and reinforcing stee! were performed by
Untrauer, Harris, and Henry?9 at the lowa Engineering Experiment Station,
lowa State University under NCEL Contract NBy-32222,
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Table A-7. Reslts of Dynamic Tests on 6-Gage Wire

» S | T
ol Kool B Pl B
é Ogy vy
tn.fin.fsec) (k) E!mmzlf‘mﬁv’ .
1 0.190 o7 | wms | 1a | 1e.|
2 0.19 020 45 152 152
3 o | oz 455 12 |
4 0.190 o4 530 17 o i
s 0.191 - 048 540 180 174
s 0.190 051 548 182 . 1
7 0.191 052 530 iR %1
8 019 an 545 182 | 1.
9 0.191 092 7.0 190 190
i 0191 005 535 L7 19
1 0191 09 560 13 | e’
12 0.191. 1.03 58,0 193 19
13 0.191 126 %5 198 19
1 o.190 148 615 208 20¥°
1 0.191 18 810 28 | 2o
18 o | s 815 26 | 20
” 2191 182 825 192 200

© 0, = 30,0008 which s the aversge stetic yieid strass at 0.1% otteet.

o, )
sfey ., 13700 949x10% (3000, 423x 10! -
. 1+ i.y_ : o( o + o )mmm

€ Estimated strain rate.
< 1 the body of this report, the hmit 1 <04y le, <2is tecommended.
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Appendix B

MOMENT OF INERTIA AND SPRING CONSTANT

INTRODUCTION

The spring constant of an elastic structural elament is defined as the

-quotient of the resistance and the detflection, and the resistance is equal to

the load under static loading.

ke B
where k = spring constant (ib/in.)
R = resistance {Ib)
y = deflection (in.)
This quotient is related to stitfness and length when applied to bending in

beams. The spring constant at midspan of a prismatic beam on simple sup-
ports under uniformly distributed loading may be expressed as

k & ——

sL3
whera E| = stiffness (Ib-in2)
€ = modulus of elasticity (psi)
| = moment of inertia (in.4)
L = span length {in.)

Actually, the spring ¢ of a reinforced beam doss not have a

constant vaiue as the deflection of the beam is increased. The value of the

spring constant changes with chunges in moment of inertia as flexural cracks

form and inelastic hinging takes place. '
Simphfying assumptions are made to obtain 2 constant value which

best approximates the spring constant over the full range of defiections

within the elastic region of response, ~he primary assumption used in 3

method presented in the Air Force Design Manual,® and other referencas,

is that the moment of inertia is the average of the moments - :f inertia for

the cracked and uncracked sections.
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" where | = moment of inertia (in.4)

Iy * gross moment of inertia (in.4)

1, = moment of inertia of a cracked section {in.%}

<

The assumption is idered poor b the cracked section infiuences
the spring constant more than the gross section in beams deflected nearly
to or beyond the yield deflection. The resulting spring constant predictions
are 100 high. The amount of error also changes with length—depth ratio
because of larger shear deformations and fewer flexural cracks associated
with lower ratios.

THEORY

Nosseir's method‘\‘ is to compute the spring constant from the
moment of inertia for the meked section and then adjust this value using
8 formula containing the shea: span-depth ratio and coefficients based on
his measurements. Thus,

- - o.ze\ ) - o.tm(%)z

where & = spring constant {Ib/in.)

k. = spring constant of a cracked section (Ib/in.)

8 = sheer span (in.)

d = effective depth of the beam (in.}
The tests ware made on simply supported beams under static and dynamic
concentrated loads, and the equation was obtained by data paint fitting

between the limits: 2< a/d < 6.
In applying the method to beams under uniformly distributed loads,

it is assumed that
2 1L
d 2 \d
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Thus, .
L. (L) - LY
X 0.13 d 0.0058( d) ,"
EXPERIMENT *
Purposs

P ——

In the foliowing computations, Nosseir's method, the Air Force
Design Manual method, and a modified version of the Air Force Design
Manual method are used to predict the spring constant of the static uni-
formly loaded beams of test Series E. The tests are reported in Part 11,23
which gives a detailed description, and in Part 111, the main part of this
report, which gives a summary only. The solutions obtained from each
of the three methods are compared with the ideahized spring constant
obtained from measurements in tests WE10 and WE 11,

Specimens . -
The test specimens had the foliowing dimensions and strength
- properties: ’
"

1 v "
Soon length, L 144 L
[N e
Effective depth of the baem, ¢ 1294 in.
Total depth of the beem, b 160in, - '
Deoth te compreion steed, &' 15 in, oSt X
Aren of rension stesl, Ay 200in2 .
Aree of compression steel, Ay 120m2 T
28.dey compressive strength of concrete, g 3,600 put
Yield sworth of steet. f, 7,000 i
Moduiue of slesticity of steel, By 29,000,000 ow
Yield strain of concrate, ey o.mzlnjm. (;
Oenaity of concrew, » 148 /13 A

B A
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Tests

The resistance—deflection relationships for WE10 and WE 11 were

plotted on a common graph. A two-straight-line idealized diagram was

constructed through the data Finally, the spring constant, k, was computed
¥y at the intersection of the

"

from values of resi R, and
straight lines.

Ry = wlL =-(6241b/in.}{144in} = 89,900 Ib

R 89,900 b . R
- K Y, 092in 97,700 tb/in.
Predictions
Slenderness.
L
a°" 1.1
Modulus of Elasticity.

€= E = p"33V1 = 3,460,000 pei

o

Neutral Axis by Ultimate Strength Design Method. The ACI'S
requirements for rectangular beams with compression reinforcement can

be found in Section 1602 of the Code, By the use of the equations in that

section, it was predicted that the compression steel would be elastic at the

time of tiexural yielding: therefore, a general analysis was made on the basis
ion 1503. The stress block depth is

of the ptions given in S
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Therefore, the depth to the neutral axis is

PR X -___3.03"0. =
[ k, " 085 3.62in.

N { Axis by T f d S Method. By summing statical
“Zmoments about the ncutral axis of a transformed section,

5 4 2n- DA - ) = AW o

With the appropriate substitutions made, only one root of the aquation is
positive. Thus,

.

c = 457in.

Moment of Inertia by Ultimate Strength Design Method.

= °—° 4 - DAL -1 + nAd -l = 16000

Moment of Inertia by Transformed Section Method.

I - E ¢ 20- DAl - g1 + nA(d - = 1,001 it

Gross Moment of !nertia. If it is assumed that no flexursl cracks
exist prior 10 loading, the gross moment of inertis, Iy should be eonwud
from the toul depth of lhe beam, Thus, A

. bh3 _ -2.75(18)2
Iy » S i T e 2,180 in*

On the other hand, If it is assumed that flexural cracks exist up to the leve!

of the tension steel prior 10 103ding, the gross moment of inertia should be
computed from the effective depth of the beam. Thus,

. ) 3
| - % . 7.75(:22.94) . 14Bied o
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Spring Constant by Nosseir’s Method. In accordance with Nosseir's ,.
method, ;‘
.- JB4E I, ;
; k. = -é—l.;— = 89.21,

k = 292 |¢[o.13(%) - ooosa(%)’] = a9,

Using ultimate strength design assumptions,

Wt o g

B e e e e

k = 649(1,620) = 105,000 Ibfin. ' ®
Using transformed section assumpti i

>

k = 84.9(1,001) = 104,000 Ibfin.

The difference between solutions based on ultimate strength and transformed
section sssumptions is only about 1%.

Spring Constant by Alr Force Design Manual Method. Using ultimate
strength design assumptions and a gross moment of inertia based on the total
depth of the beam,

o ————— e o i
[ N

g + |
R A z,wo;x,m . 1900in¢

A o . i o g S
il S g

é
+
!
P H
. . ! f
! .
. k» B4EL L 0521 = 169,000 bin, i ;
s sL? }
! . ‘ ° .
¢ : The method can be modified by assuming flexural cracking to the level of ; jq
b the tension stuel. In this case, the effective depth is used 1o compute the ! ¢
RS gross moment of inertia. Then the spring constant can be calculated as : :
F follows: i {
o } i
1 I+ ; i
i | = _'2—‘ - lﬁ_}m = 1512in¢ i [ ]
t f 3
¢
: k = 8021 = 136,000 b/in. i ;
i i
: R
i ‘ -. B
i :
f [
: 162 ;
i ;
s H
i e e . - - ® i
4 v

N
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predictions were:

C e e o e—

B 2

Soring Constant

By Ultimate Strength 8y Transformed Section

Value Ditference Valve Drtterence
(kipsfin } (%) (kipe/in.) %)

Nosesr 106 7 104 L]

»
3
:
i
¥
i
The spring constant determined from tests was 98 kips/in., and the i
i
i
i
!
H
+
Air Force Design Manu o 13 8 134 a7 % {

{modified method)
Air Force Design Manual 1% ] 168 ”

The accuracy of the test data is about 6%, and computations were carried
out with an accuracy of sbout 2%,

Alt pradictions were high, but the ones obtained from Nomeir’s
method were near 1o or within the accuracy of the test data. Nosseir's

thod produced the best ag b experiment and theory, and

the unmodified Air Force Design Manual method produced the worst. Use'
of the transformed section assumptions in computing the moment of inertia
of a cracked section produced better agrecment than use of ultimate strength
design asumptions, but the difference in finat results due to choice of assump-
tions was only sbout 1%. .

CONCLUSIONS ’ C .

1. Of the thres methods tested, Nosseit’s method is the most accurate.

2. The transformed section assumptions and ultimate strength design
sssumptions produce predictions with about the same accuracy.

® ofe

A e o e e e s et sl o e &
-

. sama



-

v Ay o e e e ar -

e A e o g

IV R

RECOMMENDATIONS

1. Nosseir’s method is recommended because it is more accurate than the
other methods, and it is just as easy to apply.

2. Ulti gth ptions in determining moment of inertia are
recommended for the sake of consistency with other parts of the analysis
discussed in the main body of this report.
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Appendix C
INELASTIC HINGING

INTRODUCTION

The purpose of this appendix is to present the derivation of equations
for evaluating the inelastic hinge in order to determine the midspan deflection
corresponding to flexural failure in reinforced concrete beams. The equations
derived here apply only to slender, doubly reinforced, rectangular, prismatic
concrete beams on simple supports and subjected to uniformly distributed
static or dynamic loading.

lll.LLlllllLLl[Hrhll]lelllllllﬂ

Conitions of Loading and

The theory is based on the presumption that, for the sake of being
consistent in all designs and ease in performing dynamic analysis, il changes
in beam behavior, including failures, shall be defined in quantitative terms
s values of strain in the various materials. This approach is essentiat in com-
paring the shear and flexure capacities of dynamically {oaded besms and in
comparing the static snd dynamic cases. For i ac strain
(€4 ™ 0.006 in./in.) at the remote fiber is used to define flexural failure
s well as certain types of shear-compression failure. Some minor compro-
mises are made in the elastic range where stress criteria are used and essily
converted to strain.

Assun.ptions regarding distribution of stress and strain outside the
hinged length are discussed in the Theory in the main part of the report
under Flexural Resistance. They generally follow those of the ACI for
ultimate strength design procedure,
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Assumptions regarding drstribution of stress and strain over the section
at the center of the hinged length at the time of fiexural failure are shown
graphically in the diagram below. The symbols in the dragrams are defined
in the derivations that follow.
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SECTION AT CENTER OF HINGE {MIDSPAN)

Neutral Axis

Flexural failure has been defined in terms of the ultimate strain of

conicrete, €, 3

6 2

0.008 in./in.

Therefore, at the time of failure and at the center of the hinged length, the
strain in the compression steel, ¢, is

Qs 0.006(1 %)

The fictitious stress, f, is defined here as

tm o, E > fy
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Therefore, at the time of failure, the fictitious stress is
t = 0.008E,
Furthermore, the dynamic yield strength of concrete, f4,,, has been defined as
' fucy = 0851, .

and, therefore, the stress block proportion, ky, at the time of failure can be
computed as

f 4
R LR 141.37%: cn

Thus, the stress block dimension, a, can be expressed in terms of the drstance
to the neutral axis, ¢, as ’

- fae
8= ke = (1- 14167 Je c2)
L

If underreinforcing is maintained, the longitudinal tension steel is
y»olded after yielding of the beam, and the total tens«on force, T, can be
oxpmuo in terms of the dynamic yield strength as

T = Afy, “1c3)

"The compression force provided by the cuncrete, C, is

c - M“,(' ; °) = 0425bct,. (K, + 1) ‘ic4)

The compression force provided by the compression steel, C,.is
G = At < A, 8l

From the above equation, it can bs seen that two solutions are possible
depending on whether or not the compression steel is yielded.
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Assume that the compression steef is yielded. Then,

g
e,'>-%

Thus,
oooe(1 - <) > -E-f‘;
€ '

Solving this inequality for ¢, the limit on ¢ for the yielded condition can be
found as

¢ € — {c-6)

By equilibrium of longitudinal forces,
T=¢ +C ' cn

Assuming the compression steel to be yielded and substituting Equations C-3,
C-4, and C-5 into Equation C-7,

Ay, = 0428bcf ik, + 1) + A,
Thus, the distance to the neutral axis is

Ay - A:'d;
€ " GABOILK,+ 1) c8)
if the value of ¢ is within the limit specified in Equation C-6.

If the value of ¢ obtained from Equation C-8 does not satisty
Equation C-6, the compression stee! is not yislded at the time of failure, and
the compression force provided by the steel, C,, is computed as

N

G = AL = AEe = o.oou,'e,(l -;‘cl) (c9)
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Now, substituting Equations C-3, C-4, and C-9 into Equation C-7,
' P [ 4
Aty = 0428bcfy(k, + 1) + 0.008AE,[1 - -
By mutltiplying each term by ¢ and simplifying,
0425bf, (k, + 1)c? + [0.006AJE, - A f,)c - 0.006d'AJE, = O

Thus, the distance to the neutral axis is

(A1, -0008AE,} 1 VAT, <O00BAEN ¢+ 001026 AE, 1,k + 1}
¢

098b 1 1k, ¢ ) (C10

If the compression steet is not yielded at the time of failure, Equation C-10 -

" should have one positive root inside the dimensions of the beam and outside -

the limit given by Eguation C-6.

It should be remembered that the value for k, in Equations C-8 and
C-10 is for tne inelastic regime and should be obtained from Equation C-1.
It is not the value given by the AC! Code equation, which is for the upper
bound of the elastic regime.

Curveture

The curvaturs is equal to the angle of rotation at the neutral axis,
and it is essentially equat to the tangent of the angle for smal values of the
angle. The curvature expressed as a tangent is the ratio of the elongation at
the remote fiber and the distance from the remote fiber to the neutral axis.
The units are in.fin, or redians. The unit curvature, then, is the ratio of the
strain at the remote fiber and the distance from the remote fiber to the
neutral axis. The units are in /in /in, or radians/in, The unit curvature at
the center of the hinge, ¢, at the time of failure is

.

. 5;-“ . -‘%“-;mmn. (1)

Moment

The dynamic resisting moment at the center of the inelastic hinge at
the time of failure, My, can be obtained by ing the from the
tension steel, compression steel, and concrete about the neutral axis. By
summing moments,
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M, = Tid-c) +Cplec-d) + "sz faeg(2 + 2k, - kI (C42)

By substituting Equations C-1 and C-3 into Equation C-12, the moment can
be expressed in a more convenient form as

*\2
M= Aty ld-c + Gle-d) + D.Qﬁbc"d',[l - :m(%)] (c13)
C.

Values of C, are obtained from Equations C.5 and/or C9, depending on
whether or not the compression steel is yielded at the time of failure.

'SECTION AT EDGE OF HINGE

Moment

The edge of the hinged length is at the section where the ultimate
design, dynamic resisting moment, Mg,,, exists. The moment M, is dis-
cussed in the Theory in the main part of the report under Flexural
Resistance. Formulas for computing My, are given in Equations 64 and
65 of that discussion.

Noutrs! Axis

The distance: from the remote fiber to the neutral axis, ¢, at the
section where M, exists is also discussed in the Theory under Flexural
Resistance. Formulas for computing ¢ are given in Equations 60 and 66
in the main part of the report,

When doing caleulations, core must be taken to prevent confusion
with regards to values of ky and ¢ at the center of hinging and those at the
edge of hinging.

. Curvature

The unit curvature of the edge of the hinge length, ¢, can be
expressed as the ratio of strain in the tension steel, ¢,, and the distance from
the tension steel to the neutral axis. Thus,

€,
Yoo = g fin. (c1a)

vhere ¢, equals fy /E,.
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DEFLECTION AT MIDSPAN

By assuming linear curvature distribution along the span, 8 curvature
diagram can be constructed as shown below.
« L

/2

Curvature Diogram

The distance H is the distance from the center of the hinge to the edge of
the hinge, and the distance x, is the distance from the support to the edge
of the hinge.

The true curvature distribution over the interval xy, is pmpmmd
to the ratio of moment, M, and stiffness, El. The modulus, E, nuasmdy
constant when considering the accuracy of the method, but the momlnt of
inertis, !, is not. Thus,

.

o~ M

]

TR

Experience has shown that assuming linear distribution produces results
about a8 accurate as those when assuming distribution proportional to M
because of the varisble nature of |, snd the complex relation of | to x pre-
cludes | in the assumptions. Itis undorstood that considerable accuracy is
sacrificed here 1o achi

The deflection at midspan corres:ondmg to failure in flexurs
{e,, = 0.006 in.fin.) can be approximated by determining the hinging
length and then summing the moments of areas in the curvature diagram
about a point. The point of interest in this case is at the support.
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The position along the span where the moment M, exists can be

approxi d by ing stattc distribution as shown below.
Mo My
] .
! - i
My = 2 L-x) contertine
Ly M.
Mement Diegram
From the diagram, it can be seen that
w
M‘u b -2' x‘“(L - K“) {C-18)
and
2
My = 2L (c18)

The ratio of the dynamic resisting moments st the center and edge of
hinging is

”' L2

Vo - _h,.,(L- ™) {c17)

Equation C-17 can be solved for xg, in terms of My, Mg, and L which are
known, Therefore, the distance from the support to the edge of hinging,

Agy: I8
L My,
gy —z-(l H 1 --M—'- ) {C-18)
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Only one of the roots of this equation exists in the half of the beam under
consideration; therefore,

) [
x“--;—é- 1--%‘) {c-19)

The deflection at midspan, y;, corresponding to farlure in fiexure can then
be derived by summing the moments of areas in the curvature diagram about
apoint at the support. Therefore,

2
Yo " Wt 200+ 5 el - 80 -——w. (c20)

CONCLUSION

If the midspan deflection, y, of the beam exceeds the value of y,,
the beam is considered to be failed by crushing of the concrete at the remoto
fiber at midspen. -
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LIST OF SYMBOLS € Modulus of elasticity (ps) N
E Modulus of elasticity of in {psn)
A Areain?) .
€, Modulus of elasticity of steel {psi1)
A, Areaof longitudinal tension steel (in.2)
E, Modulus of elasticity of concrete in tension {psi)
A, Aseaotfongitudinal compression steel (m.2)
E, Modutus of elasticity of stitrups (psi)
A, Strrup ares parailel to the beam axis (in.2) .
f < Stress(psi)
2 Ultimate design, stress block depth (i }; siso sheer
* span (n.) f Stress rate {psi/sec)
[} Beam width (in ) fe Stress in concrets (ps)
b Web width (in ) 1 Static compressive strength of the concrete at
28 days (ps)
[ Coetficient )
fey Effactive yield stress of concrete (psi)
Cy Dynamic incresse coefficient for concrete in
tension . [ Effective ultimate stress of {psi)
C, Dynamic increase costiicient for steel in tension fee Oynemic compressive strength of the concrete
at 28 deys (ps}
G,  Compremion forcs provided by the b}
f." Dynamic yield strength of concrete (psi}
G Loed cosfficient
. [ Oynamic tensile strength of the concrete at
c, Resistance coefficient 28 days (psi)
c, Comprassion force provided by the comp feyy  Dynemicyield strength of stirrups {pu}
- - steef (ib) -
) foy Dynemic yield strength of tension steet (psi)
< Distance from the noutral axis to the temate
fiber (n.) 1"' Dynamic yield strength of compression steel (psi)
0 Nominel diatneter of bar (in.) 1 Stress in tension steel (ps1) )
DSF  Dynamic shear fuctor at support f Stress in compression steed (psi)
d Etfective depth of the bean (in.} [ Tenule stress in concrete (i)
¢ Drstance from the remnote f.ber to the centroid of i. Stress rate of concrete in tension {psifsec)
the compression steel {in }
L [ Static tensile sohitung strength of the concrete
d Drstance from the reniote fiber to the pomt of 2428 days (psi)
rotation (in.)
f, Stress in sticrup {psi)
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sticty (psi) for
sticity of concrete in compression (psi) f,
sticaty of steel {psi) ?v'
sticitv of concrete in tension (pw) H
sticity of sturups fom) R h

!
Iec) fe
ete () ly
sive strength of the concrete at | ]
stress of concrete {psi} Ky
ate stress of concrete (psi) K2
wessive strength of the concrete K3
i h
: . "'
‘strength of concrete (psi)
! . Kim
@ strength of the concrete at
i k
'menglh of stirrims (ps) Ky
strength of tension steel (ps1) ke
strength of compression steel (psi) L3
.
asnel (1) "
fession stod (psi) . ™
Yconcete (psi) -
On 1Lty n tension {ps/sec)
' My
shitbing strength of the concrete
! "
i
i) L]
1
}
¥

Static yield strength of stirrups (psi}

Static yield strength of tension bars (pei)

Stat'c yreld strength of compression bers (pei)
Drstance from the center 0 the edge of the bwnge (in}
Total depth of the beam (in )

Moment of snertia (in,*}

Moment of inertia of a cracked section (in.4}

Gross mo‘mem of inertia tin.4)

ids of ive and

Moment arm b cet
ténsle: forces (in.}

v/vQ. deflection ratio

Wy. cutvature ratio (radfin2)

¥, = g, ditance over which stirrups ave scive (.}
#¢/vg. curvature ratio at midspen (radfin.2) .
Load-maes factor (in. to-sec?/in.it-sec?)

Spring constant {Ib/in )

Stress block proportion

Spring constant of a cracked section {ib/in.)

Span length {in )

. Moment (in -1b}

»

Uttimate design, dynaznic resisting moment (.1}

Dynamic resisting moment at the canser of the hinge at the
at the time of faiture (in.-1b)

Maximuim resisting moment {in. Ib)
Moment at distance x (in.1b)

Mass {1bsec?/in.)
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Number of yielded stirrups v

E JE,. modulus of elasticrty ratio. elso cycle. Vo
number in numerical integration

Load between supports {ib) VS

Cracking load (ib) Vi
Ay d, reinforcement ratio v,

Ad, cammon reinforcement ratio Va

Renforcement ratio that would produce yieiding
of the comp i Ve
wath yielding of the tension reinforcement >

Rewnforcement ratio that would produce balenced Yy,
conditions

Tonsion reinforcement ratio for steel in thews Vg

Statical moment of the cross section (in.%) A
Uniform loed (Ib/in.} v
Flexural reastance {Ib) e
Maximum Hexursl nmlim; i) ’ Ym
Reaction at support (b} v
" Radwa ot compression bar (.} oW
Oynamic yisld resistance (Ib/in } w

Stirrup spacing, center to center, peratiel 10 the wy
beem axis lin)

Load duration (seck: aiso tension force {1b) )
Natural pariod of vibration (sec) »
Time {sac) . %
Bond stress (psi)

Ultimete bond stress (pw) "

Sheer {Ib)

Maximum allowable shear at the critical section for
bond (Ib)

o : "

by the {lb)
Maximum dynamic shear force at the support (it)
Sheer at the support {ib)

Sheer resistance at the support corresponding to the
ultimete bond resistance (1b)

Shear resistance at the support corresponding to
the diagonal tension cracking resistance (ib}

Shear cesistance st the support corresponding to the
ussble ultimete shesr resistance (ib) .

Usable ultimate shesr resistance {Ib}

Sheer at distance x from the support (Ib}

Sheer stress (pei)

Shear strength contributed by the concrete fosi)
Maximum sheer stress at the crutical section (pai)
Usable ultimate sheer strength (psi)

Waight of the besm (ib}

Uniformly ditributed load (1b/in.)

Pesk uniform loed (Ibfin.)

Distance from the support along the beem axis (in.)

Distance from the support to the critical section for
bond (in }

Distance from the support to the critical section for
sheer (in )

Distance immmwuomewmmem
amount of web reinforcement changes (in )

.
U
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Distanc
Deflect

Veloat

Deflect
Vetocit

Detlect
flexure

Yeld d
Overhe
Anglet
Timeie
Sum of
Strain |
Strain ¢
Strain}
Sweins
Ultimat
Yield 1
Dynam
Strain
Swanr
Stran
Sttan ¢

Strain ¥
craching
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1 the support 1o the point of rotation (in.)

w)

%c)

(n./2ec?)

midspen (0.}

idspan {in./sec)

midspan corresponding to failure in

on {in)

)

nstitrup 8xis and beem axis (deg)
nt (sec)

ators of etfective bars lin.)

}

1/ fc)

Tote n.fin) .
concrete {in.fin./sec)

in of concrete {in fin.)

4 concrese (n.fin.)

21 swan of stirrup (in.fin.)

ion stesl {in in )

tonsion steet (in /in /sec)
ipremion steel (in /in.)
_compremon stet (in /in /sec)

concrete in thagonal tension upon shear
w)

Ty

. ,'

‘

L™

Uttimate strain of steel (in /in )
Yreld strain of steef (in fin )
Strawn in stirrup (in /in)

Strain rate in stirrup (n /in /sec)

Yield stran of stitrup {in /in)

Density (b/1%)

Direct strass {psi)
Dynamic yield stress (osi)
Static yield stress (psi)

Capacity reduction factor (psi/psil; also unit
curvature {rad/in.)

Rate of change of unit curvature with rescrct to
time (rad/in./sec)

Unit curveture at midspan (rad/in.)

Uit curvature at the edge of the hinge {rad/in}

Unit curvature at the center of the hinge at the time

of falure (rad/in.)
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in rectanguisr, renforced concrete beerms on simple supports and subj '
dvnmmlmncbdl. mmm“mdﬂmhaimmavnmwmmmufm v *
required for ! the it floxural resi of beams, and to determine
' mdm«mmmtmmmummﬂcmdvmk losding. The main portion of the ™
wxpariment work consisted of testing 53 besms; 29 were losded dynamicaily and 24 wers loaded
¢ statically. Emphasis wes placed on vitecth of weby reinforcement; 47 besms ined web
reinforcment and six hed none. Al of the besme werp tested in the NCEL blast simulator. Statiz
1oeds were apphed using compressed sie, and dynamic loads were 3pplied using the expsnding gae
from ion of Pri d &xph 2 All of the bearns were slender, and all of them were
tactanguler excapt 10 that were 1-sheped. It wes found that the shesr and the sheer strength in the
, beame were greater under dynamic load than under the ssme amount of load applied statically,
Furthermcre, it wes found thet a beem with enough web reinforcement to force flexursl farlure
undsr stic loading might not have snough 10 force flexural failure under dynamic loading. The
theory wes found to predict behavior up 10 the ussbie ultimate shesr strength within normat
-ﬁwmnvxv.mmwwitu&nimduﬁm.bmhn,mdmdhim.f,7'
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